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A high death rate of oysters in Virginia waters 
during the warm months of summer and fall was re- 
ported by Hewatt & Andrews (1954b). One of the 
most important causes of this warm-season mortality 
is the fungus Dermocystidium marinum, a pathogen 
discovered in the Gulf of Mexico by Mackin, 
& Collier (1950). The fungus is found along the 
coast of the Western Atlantic from Delaware Bay to 
Florida and on the coast of the Gulf of Mexico from 
Florida to Texas. 

In Chesapeake Bay the disease was studied for 
pathogenicity to oysters, seasonal occurrence, distri- 
bution, and its effect on the oyster industry. Over 
3000 dead or dying oysters and 7000 live oysters 
were examined. Most of the dead or dying oysters 
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were obtained from trays suspended in the York 
River Point, Virginia, but the live 
oysters came from many localities in Chesapeake Bay. 

The authors wish to express their appreciation to 
many colleagues, particularly Dr. J. G. Mackin, Dr. 
Sammy M. Ray, Dr. Sewell H. Hopkins, and Dexter 
Haven for continuous aid and friendly criticism 
throughout the period of this study. The help of 
many been invaluable in obtaining 
samples of oysters from numerous areas of Chesa- 
peake Bay. The loyal support of several laboratory 
assistants has aided materially in the investigation. 
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STUDIES IN THE GULF OF MEXICO 
The most exhaustive studies of the fungus have 
been made in Louisiana waters by Mackin (1951, 
1953, 1956), Mackin & Boswell (1956), Ray (1954a, 
b, ¢), Ray & Chandler (1955), and Ray, Mackin & 
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They have shown that the disease is 
a major cause of warm-season mortalities in the 
Gulf and that its effects are most serious high- 
salinity waters. In Louisiana, D. marinum is active 
in oysters throughout the year but the mortality ac- 
celerates during the warm Losses are so 
great that oystermen try to avoid holding oysters on 
cultivated grounds during summer periods. The 
fungus infects oysters through the digestive system 
and perhaps by direct penetration of gill and mantle 
membranes. The parasites enter blood cells and are 
distributed to all parts of the body. They increase 
in the tissues and blood sinuses by multiple fission 
cause deaths by lysis of organ tissues 
The oceur- 
and the 


Boswell (1953). 


seasons. 


and probably 
and embolism of circulatory 
rence of massive infections in 
presence of numerous pockets of lysed tissues has 
led Mackin to suggest that probably no toxie sub- 
stances are produced by the fungus. 

The presence of fungus cells in nearly all tissues 
of infected oysters indicates that the disease is 
systemic (Mackin 1951). The most characteristic 
cell, spherical with a large vacuole, is an infective 
spore, released by the disintegration of dead oysters, 
and dispersed by water currents (Mackin & Boswell 
1955). Ray (1954b, ¢) demonstrated that healthy 
oysters become infected when they are fed minced 
tissues from diseased oysters or when the infective 
material is injected into the mantle cavity. 

Mackin (1951) demonstrated the lethality of the 
disease by histopathological studies of dying oysters. 
Stained sections of tissues from gapers (dead or dying 
oysters unable to close their valves) showed fungus 
cells in large lesions, which indicated gross injury 
to vital organs. No organism other than Dermocystid- 
ium was associated with these lesions. 

The pathogenicity of the fungus was determined 
by comparing the incidence of infections in gapers 
and live oysters (Mackin 1953). Mackin found light 
infections most numerous in live oysters whereas 
heavy infections were predominant in gapers. Since 
many cases ended in death, he concluded that the 
disease is highly pathogenic to oysters in the Gulf 
of Mexico. Eliminating doubtful cases, he stated 
that death could be attributed to Dermocystidium in 
about 85 per cent of the gapers collected from five 
stations in Barataria Bay, 


passages. 


live oysters 


Louisiana. 


DiscoveRY OF Dermocystidium marinum IN 
VIRGINIA WATERS 
In the late summer of 1949, before Mackin, Owen 
& Collier (1950) reported the fungus disease, a severe 
mortality of oysters occurred in the Rappahannock 


River. Histological sections of survivors revealed 
for the first time the presence of the fungus in 
Virginia (Mackin 1951). 


By 1950, a syndrome for the disease had still 
not been established and recognition depended main- 
ly upon the study of histological sections. At a 
conference on pathology of oysters, held at Pensacola, 
Florida, in January 1950, attempts were made to 
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demonstrate the live fungus cells, but since these 
are easily confused with leucocytes of the oyster, 
identification in fresh preparations was precarious. 
histological sections of each 
oyster was a_ task which raged ecological 
studies of Dermocystidium in Chesapeake Bay. 
Studies of the mortality of oysters held in trays 
at Gloucester Point in the York River were begun, 
however, in June 1950 (Hewatt & Andrews 1954b). 
The histories of trays of oysters studied subsequent 
to the first report are given in Table 1. In the sum- 


The preparation of 
discou 


oysters grown in trays at 


York River, Virginia. 


TABLE 1. Histories of 
Gloucester Point, 





Original 


Tray Source Year- Date 
nos. class transplanted count 
15 Seaside of Eastern Shore 1952 20 Jul 52 i4] 
16 | Rappahannock River 1951 31 Oct 52 | 247 
17 to 20 | James River 1950 - 51 30 Apr 53 | 800 
21 to 24 | Rappahannock River market 7 May 53 | 495 
25 Rappahannock River 1952 29 Oct 52 184 
26 Corrotoman River 1952 29 Oct 52 714 
33 York River 1952 native j} 172 
37 James River 1952 12 Nov 52 | 350 
38 South Carolina 1953 28 Nov 53 | 350 
39 Chincoteague Bay 1953 16 Nov 53 315 
10 York River 1953 native | 298 
11 | James River 1952 14 Jun 54 | 250 
56 to 61 Rappaharnock River market 1 Jun 55 1035 


mer of 1950, the preserved meats of twelve gapers 
from trays were sent to Mackin. He reported (per- 
sonal communication) that nine of the twelve oysters 
were heavily infected with the fungus. The presence 
of Dermocystidium in Virginia waters was estimated, 
but detailed studies of the disease were begun only 
after a simple diagnostic technique was developed. 
METHODS OF STUDY 
THE THIOGLYCOLLATE CULTURE TECHNIQUE 

In the winter of 1951-52, while attempting to cul- 
ture Dermocystidium, Ray (1952a) discovered a 
simple technique for detecting the organism in oyster 
tissue. The method consists of placing pieces of 
tissue in a fluid thioglycollate medium, which has 
been fortified with antibiotics to suppress bacterial 


growth. In the medium, fungus cells enlarge and de- 


velop walls which stain blue with Lugol’s iodine 
solution. Cultures are held 48 hours or longer 


at room temperature before the tissues are examined. 
Since infections are systemic, any tissue of an oyster 
may be used for culture. 

In our studies, Ray’s modified technique (1952b) 
in all tests for the fungus. From each 
of gill, mantle, and rectum were 
cultured in the same test tube. In gapers eroded by 
scavengers other tissues were substituted. Tissues 
were usually held in the medium for 48 hours before 
they were examined. When infections were very 
light it was found that the fungus was more easily 
cetected if tissues were held in cultures for longer 
periods, permitting greater enlargement of the fungus 
The examined under the low 
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power of a compound microscope (60X). Most 
gapers were obtained from the trays before deteriora- 
tion had ensued but some were eroded or decayed. 
A few meats in the last stages of disintegration gave 
unsatisfactory tests because ratings of the intensity 
of infection could not be made. 


RATING THE INTENSITY OF INFECTIONS 

In rating the intensity of fungus infections in 
tissues, the categories defined by Ray, Mackin & 
Boswell (1953) were employed. An infection was 
considered “light” if less than 10 fungus cells were 
found per microscopic field. “Moderate” infections 
had numerous parasitic cells in all fields. “Heavy” 
infections contained high concentrations of fungus 
cells throughout the cultured tissues, and the blue- 
black color could easily be seen macroscopically. 
Sub-categories were used in recording infections, but 
these have been grouped in the three major cate- 
gories. 

To combine incidence and intensity of infections 
for comparison of one group of oysters with another, 
a value termed “weighted incidence,” first used by 
Mackin (Ray 1954a), was employed. The intensity 
sategories of negative, light, moderate, and heavy 
infection were assigned, respectively, the arbitrary 
values of 0, 1, 3, and 5. The weighted incidence 
is obtained by adding all of the intensity values 
for a group of oysters and dividing by the total 
number tested. For example, a weighted incidence 
of 1.0 indicates that the average infection in the group 
was light; a value of 3.0 indicates that the infection 
level was moderate; and a value of 5.0 denotes that all 
oysters were heavily infected. 


, 


DEFINITION OF TERMS 

Although the fungus is certainly endemic in 
Chesapeake Bay, the infested area probably varies 
from year to year with hydrographic and climatic 
conditions. In this report, it has been necessary to 
distinguish between disease-infested and disease-free 
areas. The term “infested” will be used to describe 
areas where the disease is endemic without connoting 
characteristics other than the presence of the disease. 
Oysters from “infested” and “free” areas, which 
terms refer to either the fungus or the disease, are 
distinguished, and it has also been necessary to 
discriminate between oysters acclimated to areas 
where the fungus is endemic and those recently moved 
into areas of infestation. Oysters are considered 
fully acclimated when they have spent at least one 
warm season in an infested area. 

“Native” oysters are those which have set and 
grown in one locality. “Transplants” are oysters 
obtained from a seed area and planted in another 
locality. 

THE OCCURRENCE OF DERMOCYSTIDIUM 
MARINUM IN LIVE OYSTERS 


In the summer and fall of 1952, groups of live 
oysters from various localities were tested to de- 
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termine the distribution of the fungus in Chesapeake 
Bay. It soon became obvious that an intelligent 
evaluation of the results would require a knowledge 
of the seasonal pattern of infections. In 1953, there- 
fore, two large groups of oysters were placed in 
trays at Gloucester Point to provide samples of live 
oysters for monthly testing. In addition, monthly 
tests of live oysters from three natural areas were 
begun. For two or more years, estimates of the 
incidence and intensity of infections were obtained 
for each of these five series of oysters. 

The first of the five series, Trays 17 to 20, 
contained oysters moved from Wreck Shoal in the 
James River, a disease-free area, to Gloucester Point 
in the York River. The second series, Trays 21 to 
24, consisted of oysters moved from Hoghouse Bar 
in the Rappahannock River to Gloucester Point, 
both infested areas. The third series, Hoghouse 
Bar natives, was dredged or tonged each month 
from public grounds of the Rappahannock River, 
an area of low intensity of disease. The fourth series, 
Hampton Bar transplants, was taken monthly from 
plantings of James River seed on private grounds 
in Hampton Roads where the disease is present. 
The fifth series, Gloucester Point natives, was col- 
lected from pilings and the bottom around pilings 
at Gloucester Point, an infested area. 

To understand the variations in fungus infections, 
it is important that the history of oysters be known, 
particularly as to age, source, and length of time 
exposed in areas where the disease is endemic. All 
the oysters in the series were of market size (three 
or more inches in length) except those in Trays 17 
to 20, which were two and three years old and 
near market size. The usual sample for estimating 
incidence and intensity of the fungus was 25 oysters, 
but as few as 17 and as many as 60 oysters were 
tested at various times. 


SEASONAL INCIDENCE OF INFECTIONS 

The seasonal progression of the disease for each 
series of oysters is shown in Table 2. In May, 
at the beginning of the experiment, no infections 
were found. In oysters acclimated to infested areas, 
infections appeared in June, increased rapidly dur- 
ing the hot months, remained at a high level from 
September through November, and gradually declined 
with the advent of cold weather in December. By 
the following March or April most infections had 
disappeared. This pattern of infection was similar 
in all five series of live oysters during the two years 
of monthly tests. Additional data for the years 
1955 and 1956 amply confirm this seasonal pattern 
of infections. 

In acclimated oysters two years of age and older, 
at least 70% became infected each summer and 
fall, and infections in older oysters often exceeded 
90%. At Gloucester Point the incidence of infections 
was similar in oysters from trays and natural habitats. 
Oysters from Hampton Bar had ineidences similar 
to those at Gloucester Point but Hoghouse oysters 
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Monthly tests of D. marinum in live oysters. 
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ease-free toan (31 Aug 
infested area. 1 Oct 











PER CENT invecesome 


i 
| 














2. Trays 21 to 24, ) 
oysters trans- (14 Jul 
planted in May | 4 Aug 


1953 from one [31 Aug | 25 


disease-infested |30 Sep 
area to another. [29 Oct 
3 


30 Dee 








| 1953 

3. Hoghouse Bar | 7 May 
natives dredged |16 Jun 
from an infested! 7 Jul 
area. | 4 Aug 


31 Aug | 


Le A) 
A 
° 
2 








,125/0 0 © 100 010.00 
25}0 12 4 84 1610.40 
'0 16 40 44 5610.88 


20 80 
|4 20 52 24 76 


5/8 20 48 24 76ll. 
14 12 56 28 72 
14 16 40 40 60 


0 4 24 72 28 
0 4 4 92 8 
.') 4 6 24 
0 0 6 S&S 16 
0 4 28 68 32 
4 16 20 60 40 
0 24 40 36 & 
[24 24 44 8 92 


39 50 6 94 





25 
25 
60 
40 
40 
40 


0 0 -0© DD. 8 
» © 5 3% 6 
ne. 1 oe. eS 

oe. 2 22. Ot is 
> - 2° -e a 
2 2 2  BB33 
012 32 &% & 
So 2 


44 54 46 


| 
| 
| 


o oT 8 
0 0 0 100 O 
D2 ) S F 
‘|. 0 2 3.2 
'6 90 O 100 O 
oe Ss ae OW 





Weighted 
incidence 


| 
| 


~J 
tw 


SSossoosoocoe 
evo 
ISEFSSS 


ore 
ND 





53 47/0.59 


2 2 
~ oe 
> - a — 
sz 2s 
or | ZA & 
> 0 © Dm @ 
0 0 O 100 O 
0 0 O 100 O 
0 9 8 BW Ss 
0 4 12 & 16 
4 8 16 72 2 
0 8 48 4 56 
0 0 36 & 36 
4420 72 B 
0 4. 8 8 
0 0 O 100 O 
0 0 O 100 O 
0 0 O 100 O 
0 412 & 16 
/8 20 12 60 40 
0 12 56 32 68 
16 28 44 12 8&8 
12 48 36 4 96 
4 28 60 8 92 
§ § Oo DD 
0 6 41 
0H 2 oe 0. 50 


weSSESE 


w 
— 


= 


nl Ae — I —— 


2 
—_ 


| 
| 
| 





Series 


Date 


| 2 Jul 
28 Jul 


30 Aug | 


4 Oct 
(29 Oct 


1955 


17 Jan 
| 1 Mar 


(29 Mar | 


[28 Apr 

2 Jun 
30 Jun 
\27 Jul 


26 Aug | 


23 Sep 
|31 Oct 
| 1 Dee 





1953 
4. Hampton Bar [20 Jan 
transplants 15 Jul 
tonged from an |23 Jul 
infested area. 
27 Aug 
2 Oct 
2 Nov 
2 Dec 


1954 
6 Jan 
9 Feb 
| 8 Mar 
3 Apr 


11 May 


3 Jun 
1 Jul 
29 Jul 
27 Aug 
113 Oct 
2 Nov 
10 Dee 
1955 
10 Feb 
9 Mar 
2 Apr 
27 Apr 
1 Jun 
30 Jun 
26 Jul 
1 Sep 
27 Sep 
1 Nov 
2 Dec 


1953 


5. Gloucester Point/17 Aug 


natives collected|27 Aug 
from Ferry Pier | 6 Oct 


pilings in an 129 Oct 
infested area. 1 Dee 
18 Dee 

1954 

7 Jan 


1 Feb 


No. tested 


Resse 


iver | pw 


Crorororororororororor 
u 


bobo Or 
ooo 


10 Aug | 


eo 


ie ie Go or 
oos 


NWNwNNNNNNN wh 
Or or Or Or Or Ot Or Or Gt Gt Or 


PER 


10 
10 


0 


10 
10 


0 


10 


| 0 
| 0 
| 0 


20 36 
20 36 44 56 


CENT INFECTIONS 


2 2 
rf - 
Sse 2 os 
SH Fs 
a ow ZA & 
1 S&S} SS 
1) i Ys Ze 
100 32 5&8 4 


12 40 44 56 
16 52 28 72 


0 8 2 8 
0 0 100 9O 
0 4 9% 4 
0 0 100 O 
0 0 100 O 


20 52 20 80 
0 52 48 52 


or 
r) > bo 
oroooooce 


4 40 56 44 
0 10 90 10 
16 8 72 28 
20 12 6&4 36 
7 38 56 44 
12 36 52 48 
17 47 37 68 
5 62 28 72 
2 


40 55 45 





2 32 65 35 
215 8 18 
0 2 8 2 
0 0 100 O 
0 0 100 O 
0 28 72 28 
5 20 72 28 
8 75 25 

22 20 45 55 
32 52 12 88 
28 40 32 68 
0 36 & 36 


0 0 100 0 
x 


| S=-ssssssss 
| pes eneessts 


20 30 48 52 
20 54 26 74 


0 12 88 12 
0 7 80 20 





Ecological ee et 
Vol. 27, No. 


=> | Weighted 
& | incidence 


T=) 
rs 


Se DR 


‘3 


S 
va 


wSses 


BES 





Suresossssss 
|S8SSneRSseus 























January, 1957 


OySTER MorTALITY IN VIRGINIA 





TABLE 2. (Continued) 

PER CENT INFECTIONS 
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Jun 25190 
29 Jun 25 | 4 
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15 Nov | 25/4 36 48 12 881.76 
30 Nov | 25/0 8 56 36 6410.80 
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usually had fewer infections. Fungus infections 
and mortalities reached higher levels in all groups 
in 1954 than in 1953 and 1955. In the three 
series of oysters at Gloucester Point and the series 
at Hampton Roads, the maximum levels of infection 
in 1954 ranged from 88 to 96%. 

Hoghouse Bar natives, with a maximum of 46% 
in 1953 and 72% in 1954, had the lowest incidence 
of infections of the five stations during both years. 
Infections were slow and late in developing at Hog- 
house Bar, and a comparatively low level of infection 
prevailed throughout the summer and fall. Usually 
in this area the maximum level of infection was not 
reached before the first of November, and the fiungus 
appears to be less active than at the other localities 
studied. 

In 1953 infections appeared late also in Trays 
17 to 20 (Fig. 1). In this group, moved from a 
disease-free area in April 1953, only 16% was in- 
fected on August 31. At this time fully-acclimated 
oysters at Gloucester Point had reached a peak in- 
fection for the season of 74 to 80% (Table 2). 
The maximum infection of 56% in Trays 17 to 20 
was not reached until November. The late appear- 
ance and the low level of infections is typical of 
oysters recently moved from fungus-free areas. This 
delay in the development of infections in oysters 
from fungus-free areas is apparently related to 
the absence of overwintering infections. 

INTENSITY OF INFECTIONS 

Live oysters show more light than moderate in- 

fections and more moderate than heavy ones (Table 
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Fig. 1. The seasonal pattern of infection by D. 
marinum found in live oysters from Trays 17 to 20. 
Incidence and intensity of infections were determined 
by monthly samples of 25 oysters. These oysters were 
moved from a disease-free area to Gloucester Point in 
April 1953 and were not fully acclimated to this disease- 
infested area in that summer and fall. The late oe- 
currence and low incidence of infections the first sum- 
mer after transplanting is typical of disease-free oysters 
in infested areas. The timing and level of infections 
in 1954 are characteristic of acclimated oysters. 


2 & Fig. 1). This is expected if new infections 
are occurring, if some infections are becoming pro- 
gressively heavier, and if oysters with heavy infections 
are being removed by death. During the early sum- 
mer the first two of these factors were predominant 
and the monthly tests showed a rapid rise in the level 
of infections. During August, September and Octo- 
ber each year, 25 to 50% of the oysters were re- 
moved as gapers, and nearly all of these were heavily 
infected. In the fall, despite the persistent removal 
of heavy infections, the monthly tests of survivors 
showed no decline in incidences and intensities. This 
means that in September and October the intensity 
of the fungus in survivors was inereasing at a rapid 
rate. 

Weighted incidences of infections for the five 
series reveal that the fungus continued to inerease 
until October or November of each year. Early 
in November mortalities almost ceased and it appears, 
therefore, that infections increased only as long as 
oysters were dying and spores were being released 
by deterioration of infected gapers. Weighted in- 
cidence remained high for almost two months after 
water temperatures began to drop in September. 
It is concluded that spores were available and must 
have been infective at least as late as the first of 
November. 

The weighted incidences were higher in 1954 
than in 1953 or 1955. The percentages of infection 
in the moderate and heavy categories were consider- 
ably greater in 1954, and there were periods when 
nearly half of the live oysters tested had serious 
infections. 
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RECAPITULATION 

The data from live oysters reveal that in Chesa- 
peake Bay the fungus is abundant in oysters in 
the warm season and scarce in the cold season. Most 
oysters become infected each summer and the incidence 
of infection is equally high in tray-grown and natural 
oysters at nearly all stations. Oysters recently 
moved from disease-free areas obtain infections later 
and have lower incidences the first summer due to the 
absence of overwintering infections. The intensity 
of infections in survivors continues to increase until 
about November despite the removal of many heavily- 
infected gapers. 


THE OCCURRENCE OF DERMOCYSTIDIUM 
MARINUM IN GAPERS 
COLLECTION OF GAPERS 

In the summers of 1950 and 1951, a few gaping 
oysters were collected from trays at Gloucester Point. 
During the years 1952 to 1955 over 3000 gapers 
from some 30 trays of oysters were tested for the 
fungus. About 88% of all dead oysters in the 
trays were recovered with meats sufficiently intact to 
permit thioglycollate tests. Most of these gapers 
were collected during the warm months, and daily 
examinations of oysters were necessary to recover the 
meats before they were destroyed by decay organisms 
and scavengers. Most mud crabs were excluded from 
the suspended trays, but clingfishes, gobies, and 
blennies were quick to enter dying oysters and feed 
on the meats. In winter, few gapers were recovered, 
and because the trays were examined at 10-day in- 
tervals, some of them were in a poor state of preserva- 
tion. 

Gapers were rarely obtained from other areas of 
Chesapeake Bay. Monthly visits to trays at Darling’s 
watchhouse on Hampton Bar and Sitterding’s dock 
near Hoghouse Bar on the Rappahannock River 
yielded small numbers. A few dying oysters were 
collected from dredge boats but it was difficult to 
distinguish between deaths from natural causes and 
those induced by dredging operations. Occasional- 
ly gapers were collected from pilings where injuries 
were unlikely to have been the cause of death. The 
oysters in Trays 17 to 20 and 21 to 24 were trans- 
ferred to Gloucester Point chiefly because it is difficult 
to recover gapers in nature. These trays permitted 
a comparison of fungus infections in live oysters 
and gapers taken from the same population. 


SEASONAL INCIDENCE 

Infected gapers have been found in every month 
of the year. During the summer and fall, large num- 
bers of gapers occurred and the incidence of infection 
was consistently high. In winter and spring, only 
a small number of oysters died and the incidence 
of the disease was lower. Infections found in win- 
ter and spring were probably contracted in the 
summer and fall and the oysters were unable to 
In Fig. 2, the occurrence of gapers in 


recover. 
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Trays 1 to 3 and 6 to 10 during the warm seasons 
of 1953 and 1954 is shown by 2-day intervals. These 
oysters were fully acclimated to the Gloucester Point 
waters where the disease is endemic, and in June 
1953 all had been in trays at the Laboratory pier 
over 18 months. The beginning of the high-mortality 
period in June and its ending in November are 
clearly revealed. The graph also illustrates the 
incidence and intensity of infections and emphasizes 
that a great preponderance of gaper infections is 
in the heavy category. Although a greater propor- 
tion of the oysters died in 1954, the distribution of 
deaths over the season and the incidence and intensity 
of infections are strikingly similar for the two years. 
In Table 3, the rate of death, the number of 
gapers tested, and the percentages of infections in 
each category are given for several groups of trays. 
Heavily-infected gapers usually appeared in June 
and continued to occur throughout the warm seasons 
of summer and fall. For five consecutive months, 
80 to 90% of all gapers had heavy fungus infections, 
and gapers without infections were rare after July. 
Oysters which had not been previously exposed 
to the disease showed a delay in the appearance of 
infections and a lower mortality for the first summer 
(Trays 17 to 20 in 1953). The first infected gapers 
did not appear until about the first of August, 
and infections in live oysters appeared for the first 
time in the monthly tests on August 3. In these 
oysters, recently transplanted from a disease-free 
area, the number of deaths was low, but the incidence 
and intensity of the fungus in gapers were similar 
to that found in acclimated oysters. 

The capacity of the fungus to kill oysters is 
measured by a comparison of the number and in- 
tensity of infections in live oysters and gapers. This 
comparison can be made with the data from Trays 
17 to 20, 21 to 24 (Tables 2 & 3). A graphic 
comparison of infections in live oysters and gapers 
can be seen in Figs. 1 and 2. Most gapers were 
heavily infected but infections in live oysters usually 
were light. The weighted incidence for gapers was 
between 4.0 and 5.0 at a time when the value for 
live oysters was 1.0 to 2.0. The greater intensity of 
infections in gapers as compared to live oysters 
indicates a high level of pathogenicity of the fungus. 

Annual variations in incidence and intensity of 
gaper infections were small (Table 4 and Fig. 2). 
During the years 1952 to 1955, incidence of infection 
in gapers varied from 89 to 95% and the weighted 
incidence always exceeded 4.0. Most infections were 
heavy and most of the moderate infections were 
heavy moderates. We believe that the fungus was 
the cause of death in nearly all gapers with 
moderate and heavy infections. Such lethal infec- 
tions were found in 87% of the gapers tested during 
the 4-year period of this study. This emphasizes 
that in trays the fungus was the primary cause of 
death of oysters. In 1954 the death rate was ex- 
ceptionally high because deaths began earlier than 
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TABLE 4. Fungus infections in gapers from native 
oysters two years of age or older in trays at Gloucester 
Point. 
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in previous years and persisted at a high rate in 
September and October, but the level of fungus 
infections in gapers was very similar to that of other 
years. It is concluded that the excessive losses in 
1954 were caused primarily by the fungus. 


INCIDENCE IN GAPERS FROM OUTLYING TRAYS 
AND NatTuRAL HaBItats 

The gapers collected from trays suspended in 
the Rappahannock River and Hampton Roads, al- 
though few in number, exhibited incidences and in- 
tensities of infections similar to gapers taken from 
the trays at Gloucester Point. Twenty-six of 37 
gapers, from trays located at places other than 
the Laboratory pier, had serious infections and some 
of the remaining gapers were collected at times of 
the year when fungus infections were rare or absent. 

Over one-half of the 36 gapers recovered froin 
natural habitats had serious infections. It is assumed 
that some oysters on natural grounds died from 
causes other than the fungus; therefore, it was not 
expected that intensities and percentages of infections 
would equal those found in gapers from protected 
oysters in trays. Nevertheless, the data on gapers 
support the conclusion that the fungus is equally 
destructive to oysters in trays and on natural bottoms. 
The data on live oysters from natural grounds 
strongly confirm this conclusion. We believe, there- 
fore, that deaths caused by the fungus, at the rates 
found in tray oysters, are in large part added to 
other lethal factors of natural bottoms. 


RECAPITULATION 

The studies of gapers from trays have shown that 
nearly 90% had serious infections of the fungus. 
The period of high death rates in the warm season 
coincides with high incidences of the fungus in live 
oysters and gapers. More intense infections in 
gapers than in live oysters indicate a pathogenic 
role for the fungus. Death rates varied from year 
to year but the percentage of deaths caused by the 
fungus remained high each year. 
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DISTRIBUTION OF DERMOCYSTIDIUM 
MARINUM IN CHESAPEAKE BAY 
The known distribution of the fungus in Chesa- 
peake Bay is derived from thioglycollate tests of 
live oysters collected from numerous localities. The 
samples, usually of 25 oysters or more, were tested 
as quickly as possible after removal from the water. 
To ensure that samples were representative for the 
area, only native oysters or those which had been 
growing in the locality at least two years were 
Except in seed areas, where the largest and 
selected, tests were 


used. 
oldest 
made on market-sized oysters. 

The five series of monthly tests revealed that high 
levels of infection prevailed in live oysters from 
September through November. It is believed that 
samples taken within this period indicated ap- 
proximately the peak levels of infection for the year. 
Oyster populations near the fringes of the range of 
the fungus may not reach maximum levels of in- 
fection until November. In the fall, high salinities 
usually prevail, and presumably an abundant supply 
of infective material is provided by the disintegra- 
tion of numerous gapers, therefore spores are prob- 
ably carried farther up the estuaries in the fall than 
in summer. 

The stations sampled for the fungus are grouped 
by major oyster-producing areas of the Bay. In 
the distribution studies alone 87 samples consisting 
of over 2000 oysters were tested for the fungus. 
Only a few samples were examined in 1952 and 
most of these were from the lower part of the Bay. 
In 1953 the survey was expanded to inelude the 
James River, the western shore of Chesapeake Bay, 
and the Seaside of Virginia and Maryland. In 
1954 efforts were made to determine the limits of 
the range of the fungus in the Bay and its major 
tributaries. The range, as also the intensity and 
incidence of infections, probably will vary with 
climatological conditions from year to year. There- 
fore, the data from the 1954 samples (Fig. 3) 
present a general picture of the distribution and the 
relative intensity of the disease in major oyster- 
growing areas. In live oysters tested in September 
and October, weighted incidences of 1.0 and infec- 
tions of 60% were considered high levels of infection; 
values of than 0.5 30% indicated low 
intensity of the disease. 

Tests of oysters in 1953 indicated that infections 
were rare in the James River seed area. Only two 
infections of Dermocystidium have been found in 
tests of hundreds of oysters from Wreck Shoal, 
an important ground in the middle of the seed area. 
A single infection was found in a sample of 50 
old oysters dredged from deep water along the 
edge of the channel one-half mile below Wreck Shoal. 
Similar samples taken along the channel in the 
lower part of the seed area contained very few 
infected oysters. Unfortunately no systematic check 
was made of the James River seed area in 1954, 2 


oysters available were 


less and 
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The seasonal oceurrence and intensity of fungus infections in gapers. 
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1954 


Deaths are depicted chro- 


nologically and the incidences and intensities of fungus infections are indicated for Trays 1 to 3 and 6 to 


10. Each eirele or square represents one gaper. 


The number of oysters at the beginning of each warm 


season is shown at the top of the figure and the symbols for heavy, moderate and light infections are de- 


fined at the bottom of the figure. 
daily. 


year of greater fungus activity than 1953, but the 
pattern of very low incidence was repeated in 1955. 
In Hampton Roads high levels of infection were 
found consistently during the warm seasons. The 
seasonal picture of the occurrence of the fungus in 
this area is presented in Table 2. 

The disease is intense in the lower part of the 
York River, and its range seems to extend over 


Gapers were grouped by 2-day intervals although they were collected 


Further data on infections in gapers are given in Table 3. 


the entire oyster-producing area in this river. Ex- 
tensive data on the seasonal occurrence of the fungus 
at Gloucester Point indicate that the weighted 
incidence exceeds 1.0 and a large proportion of live 
oysters becomes infected each year (Table 2). In- 
tensity of the disease is relatively low in the 
Rappahannock River although the fungus occurs 
throughout most of the oyster-producing area. It 
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Fig. 3. The distribution of D. marinum in Chesapeake 
Bay. The closed circles indicate substantial infections 
(weighted incidence of 0.5 or greater), cross-hatched 
circles represent light infections, and open circles de- 
note absence. Each symbol represents a station from 
which one or more samples were taken. The distribution 
in 1954 is depicted except in the James River seed area; 
not all stations and samples for other years are re- 
presented. 


has been shown that of infection 
mortalities are comparatively low at the Hoghouse 
station in the Rappahannock. In the Potomac, the 
fungus appears only near the mouth of the river, 
and all the samples, except one from the Yeocomico 
River, had very low levels of infection. All of the 
consisted of old native 


incidence and 


Potomac River samples 
oysters from public grounds. 

The western shore of Chesapeake Bay in Virginia 
showed substantial infections in the open Bay up to 
the Great Wicomico River, but a low level of 
infection at the mouth of the Potomac River. On the 
eastern shore of Chesapeake Bay in Virginia, the 
oceurrence of infections is somewhat variable with 
oceasional negative samples in areas where other 
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samples have shown numerous infections. The fungus 
appeared to be searee in 1953 on grounds which 
had moderate numbers of infections in 1954, and 
it is possible that the disease has not yet extended 
into all suitable habitats along this shore. Plantings 
peninsula shore are 
that the in- 
Samples 
levels 


in the 
infrequent 


Bay along the 
indications 


open 
and there are 
cidence of fungus on these grounds is low. 
from Poecomoke Sound showed rather low 
of infection in 1954 but the weighted incidence was 
higher in 1955. In Maryland the fungus extended 
up the western shore of Chesapeake Bay from the 
Potomac River to the mouth of the Patuxent River. 
The distribution in Holland Straits and Tangier 
Sound is not clear, for some groups had infections 
and others did not. 

The most baffling fact about the distribution of 
the fungus in the region is the almost complete 
absence of infections along the Seaside of Virginia 
Seed oysters are usually exported 
from the Virginia but in Chincoteague 
Bay seed oysters are often imported from Chesapeake 
Bay. It is improbable that the fungus has not 
been afforded the opportunity to become established 
high temperatures and 


and Maryland, 
Seaside of 


in’ Seaside waters, and 
salinities during the summer should provide a favor- 
able environment. 

Samples of from South Carolina and 
Delaware Bay were also tested for Dermocystidium. 
Live oysters from South Carolina had a weighted 
incidence of 0.92 in November 1953. Only one in- 
fection was found in a sample of 50 oysters taken 
from “The Ledge” in Delaware Bay in December 
1953, but Hugh J. Porter of the University of 
Delaware Marine Laboratories (personal communiea- 
tion) found numerous infections in Delaware Bay 
in 1954. Ray (1954) discusses the general distribu- 
tion of the disease along the Atlantie and the Gulf 


oysters 


coasts. 

The the fungus in Chesapeake Bay 
in 1954 is shown in Fig. 3. With rare exceptions, 
all samples within this range showed infections and 
the fungus appears to be thoroughly distributed in 


range of 


the lower Bay. The disease occurs on most oyster 


grounds in Virginia and a few in Maryland. For 
convenience, the upper boundaries of the fungus 


range in each river and the Bay are associated 
with salinity levels regardless of the real limitiny 
factors. The boundary, which fluctuates with seasonal 
conditions, approximates the late summer isohaline 
of 15 parts per thousand (Pritchard 1952). 1954 
was dry with high salinities and a prolonged hot 
season, and it is probable that the fungus reached 
its maximum penetration up the Bay in that vear. 
It is possible also that the incidence and intensity 
of the disease rise and wane over the years irrespec- 
tive of temperatures and salinities. There is a 
slight possibility that the fungus has been recently 
introduced in the Bay and is still spreading. 

It was impossible to obtain sufficient gapers to 
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mortalities 


areas of 


extent of fungus-caused 


range of the disease. In 


determine the 
over the full 
minimal salinities, infections probably occur too late 
and are too light to eause many deaths. 


FUNGUS INFECTIONS IN RELATION TO 
AGE AND SOURCE OF OYSTERS 

Ray (1954a) reported that in the Gulf of Mexico 
young oysters were less susceptible to D. marinum 
infection than old oysters; at an age of one year, 
only about one-third of a group of experimental 
oysters was found to be infected, whereas the fre- 
quency of infection was very high in older oysters. 
In Chesapeake Bay, Hewatt & Andrews (1954b) 
found a low death rate in oysters under 2 yrs of age. 
After initial deaths of spat from other 
few oysters were lost during their second summer 


causes, 


(yearlings) and before the beginning of their third 
summer (2-yr-olds). The low summer death rates 
in oysters under 2 yrs of age 
Chesapeake Bay young 
susceptible to fungus infection. 

The study of oysters of known age led to the 
discovery that the source of oysters also had a bear- 
ing on death rates and fungus infections. In 1951 
and 1952, spat from the Seaside of the Eastern 
Shore, Virginia, and We Creek, South Carolina, 
were moved to trays at Gloucester Point to provide 
oysters of known age and history (Table 1). These 
spat had been caught on shells in the intertidal 
of the surviving set occurs in 
In this paper “Seaside” refers to 
ocean-side of the Delmarva 


suggested that in 


also, oysters were less 


zone where most 
these localities. 


the waters of the 


Peninsula (Cape Henlopen to Cape Henry). In 
August 1953 it was noted that yearlings from 


rate excessive for 


most of the 


Seaside were dying at a 
young that 
heavy infections of the fungus. In contrast, 2-vr-old 
oysters obtained from South Carolina were dying 


very 


oysters and gapers had 


at a much lower rate than expected, and most 
of the gapers were free of fungus infections. Both 


Seaside and South Carolina oysters had been grown 
in trays at Gloucester Point from spat size; there- 
fore a difference in susceptibility to the fungus in 
oysters from the two sources was suggested. 


DaTa FROM LIVE OYSTERS 

After finding dissimilar mortalities among young 
oysters, and disparities in the fungus infections in 
gapers, the next logical step was to test live oysters 
from Chesapeake Bay, Seaside, and South Carolina 
for the fungus. Live yearling oysters, which as 
spat had been moved in the summer and fall of 1952 
from their respective localities to Gloucester Point, 
September 1953. Infections were 
common in the yearlings from Seaside but rare 
in the other groups (Table 5, Trays 27, 15, and 33 
for 1953) 

To verify these observations, new collections of 
spat from the three areas were obtained in the fall 


were tested in 
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TABLE 5. Comparison of D. marinum infections in 
tray-grown live oysters of various ages and sources!, 
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1A]l groups, except South Carolina, Seaside and Chincoteague Bay, are native 
Chesapeake Bay oysters. 
of 1953 for comparison of infections in yearling 
oysters in the 1954. Thus in 1954, 
several year-classes from the three 


summer of 
oysters of 
sources were available for comparison of fungus 
infections and mortalities. The results are arranged 
in Tables 5 and 6 according to the age of oysters 
and the year tested, but the discussion is by sourece- 
areas. 

In native Chesapeake Bay oysters, live yearlings 
had only a few infections and weighted incidences 
were low (Table 5). In 2-yr-old oysters, infections 
were much more numerous and varied from 35 to 
When 
three or more years of age, most oysters were in- 
fected regardless of the year, and weighted incidences 
exceeded 1.0. 


76% according to the year of observation. 


Seaside and Chincoteague Bay oysters, at all 
ages, had a higher incidence and intensity of fungus 
infections than (Table 5). The contrast 
marked among vearlings and 2-yr-olds. 


natives 
was most 
Older oysters, both from Seaside and Chesapeake 
Bay, had relatively high incidence and intensities of 
numbers of heavily-infected 
Thus in old oysters infections 


large 


infections and 
gapers were removed. 

















seemed to reach a point of saturation, and further 
progress of the disease produced more gapers but 
little change in the level of infection in survivors. 
A comparison of Seaside and native Chesapeake 
Bay oysters of 3 yrs of age and older reveals no 
apparent differences in the percentages of infections 
and weighted incidences, although only one small 
sample was available from Seaside. 

Oysters of all ages from South Carolina had much 
lower levels of fungus infection than oysters from 
Chesapeake Bay and Seaside (Table 5). South 
Carolina oysters of three different year-classes, tested 
as yearlings (Trays 4, 27 & 38), showed very few 
infections. Infections in 2-yr-olds (Tray 4) re- 
mained low (20%) while native and Seaside groups 
had substantial infections. In 3-yr-olds (Tray 4), 
infections increased to 33%, but were still far below 
those in other source-groups of the same age. Even 
as 4-yr-olds (Tray 4), these oysters were only 40% 
infected whereas in native oysters of the same age 
and history the level of infection was 96%. 

In oysters from all three sources, fungus in- 
fections increased with age until an age of 3 or 4 
yrs was attained. The level of infection at a given 
age, however, varied according to the souree of 
oysters. The general level of fungus infections, 
as found in acclimated native oysters 3 or more 
years of age, increased each year from 1952 to 1954 
and declined in 1955; therefore, the level of infections 
in oysters of the same age and source varies from 
year to year and these variations correspond to 
some extent with the fluctuations in mortalities 
(Tables 5 & 6). For example, 2-yr-old oysters from 
Chesapeake Bay had weighted incidences of 0.78 
in 1953, 1.40 to 1.56 in 1954, and 0.88 in 1955. 
Although 1954 was clearly a year of excessively 
high mortalities, the 2-yr-olds did not have a high 
annual loss—presumably because few infections were 
carried through the winter and consequently in- 
fections developed late. Nevertheless, the high 
weighted incidence in November 1954 indicates that 
the death rate was high at the end of the warm 
season. Three-yr-olds from Chesapeake Bay had 
weighted incidences of 1.76 in 1954 and 1.20 to 1.36 
in 1955 (Table 5), and mortalities were correspond- 
ingly higher in 1954 than in 1955 (Table 6). How- 
ever, it must be concluded that a weighted incidence 
from one or more tests, however reliable as an in- 
stantaneous measure of fungus level, is not a very 
good indicator of fungus-caused deaths for the sea- 
son. In other words, in a given area, it is not 
possible to predict the fungus-caused mortalities for 
the season by measuring the level of fungus in- 
fections in live oysters. The two are related but 
mortalities from the fungus are influenced by the 
time of infections, temperatures and other factors. 
When numerous infections occur early in the warm 
season, considerable mortality can be expected be. 
fore low temperatures inhibit the fungus. 

A more detailed analysis of infections in live 
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yearlings in 1954 indicates that as the season pro- 
gressed infections gained in intensity. Our notes 
show that most of the infections in July, August 
and September were very light. In the October 
tests, only 3 of 20 infections were designated as 
very light. Therefore, the late tests, in mid-Septem- 
ber and October, indicate most clearly the relative 
susceptibility of yearling oysters. South Carolina 
oysters showed very few infections (1 in 25), York 
River oysters a moderate number (6 in 25), and the 
Chincoteague group a high number (15 in 25). The 
differences are evident in both the percentage of 
infection and the weighted incidences. A_ higher 
proportion of late stages of infection was encountered 
in yearlings than in older oysters. In other words, 
the numbers of infections in the yearling populations 
remained quite low but a high proportion of these 
were serious infections. 


DatTA FROM GAPERS 

The data from gapers show again that Seaside 
and Chincoteague oysters are more susceptible and 
South Carolina oysters more resistant to the fungus 
than native oysters (Table 6). This is deduced 
from the death rates rather than from the incidences 
and intensities of the fungus in gapers. All gapers 
of 2 yrs of age or older, except those from South 
Carolina oysters (Trays 4 & 38) had over 90% 
infection, and the average intensity of the infections 
was closer to heavy (5.0) than to moderate (3.0). 
Thus infections in gapers from Seaside and Chesa- 
peake Bay were similar, but the rate of death in 
oysters from all three sources varied widely. It has 
been shown already that most deaths in trays were 
caused by the fungus; therefore, these variations in 
death rates of oysters from the three localities sug- 
gest differences in susceptibility. 

Death rates increased with age and varied with 
the year in patterns similar to those described for 
infections. In Chesapeake Bay oysters, yearlings 
had summer mortalities (June to October inclusive) 
of less than 10%, 2-yr-olds from 17 to 26%, and 
oysters 3 or more years of age from 26 to 67%. 
The death rate was low for yearlings, increased with 
age, and leveled off at an age of 3 or 4 yrs. These 
mortality figures are the minimum and maximum 
for each age group during a two- or three-year 
period. Each year had a characteristic level of 
oyster losses which accounts for the wide range 
of values. In a given year, oysters of the same 
age had similar mortalities. For example, in 1954, 
3-yr-old oysters from Trays 11 and 12 had death 
rates of 57 and 51%, respectively. 

In Table 7, the conclusion that the year and the 
age affect the death rate has been examined by the 
use of chi-square tests (Snedecor 1946: 205-206, 
Table 9.11). Although 2-yr-olds showed little dif- 
ference in death rates in 1953 and 1954, 3-yr-olds 
exhibited wide variations in 1954 and 1955. A 
comparison of different age groups in the same year 
suggests wide disparities between 2- and 3-yr-olds 
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TABLE 6. Comparison of D. marinum infections in 
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TABLE 7. Summary of statistical tests on mortality 
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but little indication of differences in the death rates 
of 3- and 4-yr-olds. Each age group, in a particular 
year, exhibits fairly consistent death rates, although 
occasional aberrant results are obtained (Tray 25 in 
1954). Yearling oysters were not included in the 
table for it is obvious that mortality was much lower 
in these groups than in older oysters. Comparisons 
of oysters from Chesapeake Bay, South Carolina, 
and Seaside could be made but in general the dif- 
ferences in death rates are evident (Table 6). For 
the most part, the numbers of oysters used in these 
experiments seem to provide adequate estimates of 
the death rate. 

Seaside oysters had summer death rates from 16 
to 30% as yearlings, and a weighted incidence higher 
than 3.0 indicates that most of the gapers were 
well-infected with the fungus. In 2-yr-olds mortality 
rates were 37 to 74% and in older oysters 46 to 


71%. In South Carolina oysters, mortalities, like 
fungus infections, were unusually low. Except for 
one group of yearlings (Tray 38 in 1954), death 
rates were considerably lower in South Carolina 
oysters than in native oysters—until an age of 4 
years was attained. Two-yr-olds had death rates 
of 10 to 12%, 3-yr-olds 26%, and 4-yr-olds 22%. 
The weighted incidence was conspicuously lower in 
South Carolina gapers of all ages in all years than 
in gapers from other sources. The differences in 
death rates and fungus infections can be seen best 
by direct comparison in Table 6. 


RECAPITULATION 
The studies on age and source of oysters reveal 
that the intensity of the fungus increases with age 
until oysters are 3 years old. South Carolina oysters 
resistant and Seaside of Eastern Shore 


are more 














14 J.D. ANDREWS AND W. G. Hewatr 


oysters more susceptible to the fungus than native 
Chesapeake Bay oysters. In comparing susceptibility 
of oysters, incidences and intensities of infections are 
useful but death rates are more indicative in older 


oysters. 


EXPERIMENTAL INFECTION OF OYSTERS 
INFECTION OF OLD OYSTERS 

In the summer of 1954, to confirm the work of 
Mackin and Ray (Ray 1954b, ¢), experiments were 
conducted to induce infections in oysters. Fungus- 
free oysters, from Deep Water Shoal in the James 
River, were separated into four groups (Cl to C4) 
of 20 each, and two holes were drilled through 
the shell into the mantle cavity of each oyster. All 
groups except the control (C2) were inoculated 
through the holes with 1 ce of macerated tissues 
of heavily-infected gapers. The number of spores 
per ce of this material was not known, but the count 
was undoubtedly high. The controls were injected 
with a similar preparation of macerated live un- 
infected oysters from Deep Water Shoal. After 
injection the oysters were held out of water over- 
night, then all groups were placed in aquaria of 
standing water, except C4, which was placed in a 
tray suspended in the York River from the Labora- 
tory pier. The water in the aquaria was maintained 
at approximately 28°C and aerated. 

Fig. 4 depicts the occurrence of gapers, the num- 
bers of survivors, and the fungus infections in each 
group. Five oysters died in the first day or two 
and only one of these was infected. No further 
deaths occurred in the experimental groups until 22 
days after infection. Deaths occurred rapidly there- 
after until the experiment was terminated 37 days 
after experimental infection. Excepting the initial 
deaths, all but one of the gapers and survivors from 
the experimentally-infected group were infected. No 
infections were found in the control group although 
once a week the water in the aquaria was changed 
using unfiltered river water. 

It appears that nearly all oysters became infected 
from 1 ce injections whether retained in aquaria or 
held in open waters. The first gapers occurred 
almost as soon in open waters as in heated aquaria, 
but, as groups, oysters developed infections earlier 
and died sooner in the aquaria. Our experiments 
seem to confirm those of Ray and Mackin even in 
small details. 

In later experiments we confirmed Ray’s (1954b) 
finding that infections could be induced by feeding 
suspensions of spores prepared in a Waring blendor 
or by squeezing the juices of minced gapers through 
cheese cloth. Infections developed more slowly by 
this method and intensities were not as uniform as 
those obtained by injection. 


INFECTION OF YOUNG OYSTERS 
Physiological immunity to a disease is usually 
acquired with age; therefore, the low incidence of 
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Fic. 4. Experimental infection of oysters from 
Deep Water Shoal by injection of fungus-infected tis- 
The control 


sues into the mantle cavity. group re- 
ceived minced tissues from uninfected oysters. Each 
rectangle represents one oyster, and in gapers_ the 


position indicates the time of death expressed as the 
number of days after injection. The experiment was 
ended on July 29, 1954, and all survivors tested for the 
fungus. 

the fungus in voung was puzzling. While 
only a few yearlings died, a high proportion of 
This suggested that 


oysters 
these had serious infections. 
young oysters, though susceptible to the disease, 
failed to obtain infective doses of the fungus for 
because they pump 
Subjecting young 


mechanical perhaps 
relatively small amounts of water. 
oysters to concentrations of fungus spores was a 
logical test of this supposition. 

In the summer of 1953, spat from Chincoteague 
Bay and South Carolina were transplanted to the 
Virginia Fisheries Laboratory. Chesapeake Bay 
native oysters were caught on shells at Gloucester 
Point. A year later these three groups of year- 
ling oysters were exposed to the fungus in aquaria. 
Fifty yearling oysters from each souree, and a 
control group of 25 2- and 3-yr-old oysters from 
low salinity waters of the James River, were placed 
in aquaria. The inoculum, consisting of minced 
gapers with heavy infections, was fed to all oysters 
on July 22, 1954. The control group was fed the 
inoculum to insure that experimental infection was 


reasons, 


successful. One control and one experimental oyster, 
each with a light infection, died in July. The 


first heavily-infected gaper occurred on August 9. 
Two heavily-infected gapcrs were removed on August 
18, and oysters died nearly every day thereafter 
until September 23, when nearly all were dead. 
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All but two of the gapers had heavy infections and 
none was found to be free of infection. 

Since young oysters were easily infected under 
experimental conditions, it appears that they fad 
to get infective doses of spores in natural waters. 
If a certain minimal quantity of spores must be 
acquired before infections develop, the density of 
spores in the water and the amount of water pumped 
would determine their rate of accumulation in the 
A third factor may be the rate of 
The amount of 


oyster tissues. 
expulsion of spores by the oyster. 
water pumped by an oyster is proportional to its 
size, therefore, yearling oysters would collect fewer 
spores and have fewer infections than larger and 
older oysters. Since oysters grow more quickly in 
southern waters, in yearlings the incidence of the 
fungus may be expected to be higher in Barataria 
Bay (Ray 1954a) than in Chesapeake Bay. In 
southern waters infective spores may also occur in 
greater densities. 


Cross-INFECTION EXPERIMENTS WITH OTHER 


BIVALVES 

In the fall of 1953, we discovered that 13 of 
16 bivalve species collected from the area of Glouces- 
ter Point were infected with a Dermocystidium-like 
parasite (Andrews 1956). In thioglycollate culture 
these parasites enlarged and stained with iodine in 
the same manner as the fungus parasite of oysters. 
Infections in these other bivalves were usually sys- 
temic but the fungus cells were more clustered and 
appeared to be enclosed in cysts. In several species 
of bivalves, all specimens examined were infected, 
but the intensity was seldom rated above light. 

Since some of the bivalve species seemed to carry 
their Dermocystidium-like through the 
winter in a stage which responded to thioglycollate 
culture, it was important to determine if the same 
species of fungus was present in oysters and other 
whether these other mollusks might 


parasites 


bivalves and 
provide an overwintering reservoir for the organisms 
producing disease in oysters. Cross-infection ex- 
periments therefore were attempted, using 
mercenaria Linné and Macoma balthica Linné. At 


Venus 


tempts to increase the intensity of infections in these 
bivalves by holding them in heated aquaria were 
unsuccessful. Venus lived well in the aquaria but 
Macoma, Tagelus plebius Solander and other active 
burrowing species did not survive long. 

In June 1954, 42 clams (Venus) were injected 
through drilled holes with 1 ce of inoculum from 
infected oyster gapers. After one month not one 
infection had been found in gapers or survivors. 
Tissues remote from the site of injury caused by 
drilling and inoculation were selected to avoid the 
local infections reported by Ray (1954c). An at- 
tempt was made to infect oysters by feeding inoculum 
prepared from infected Macoma but results were 
again negative. Other species of bivalves were in- 
jected with inoculum from oyster gapers but failed 
to live long enough for infections to develop. 
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IN VIRGINIA 


THE EFFECTS OF TEMPERATURE ON 
FUNGUS INFECTIONS 
SEASONAL AND GEOGRAPHICAL EFFECTS 
Temperature is obviously the chief factor regulat- 
ing epidemics of the disease, for the fungus requires 


warm water to multiply and to kill oysters. This is 
illustrated most vividly by the extremely high 


mortalities caused by the fungus in the Gulf of 
Mexico and the apparent absence of the disease in 
New England. In Barataria Bay, Louisiana, deaths 
from the fungus occur almost throughout the year 
(Mackin 1953). The intensity of infection in live 
oysters decreases during the winter months, but the 
In Chesapeake Bay, mortali- 
ties are essentially restricted to a five-month period 
of warm weather, and infections almost completely 
disappear in the winter. In Delaware Bay, conspicu- 
ous mortalities of oysters of unknown cause were found 
during the warm fall of 1954. Oyster tissues cultured 
by Hugh J. Porter contained substantial infections 
of the fungus (personal communication). The fungus 
has not been found in Long Island Sound although 
infected oysters from southern waters have been 
introduced times. It appears that in 
these northern waters winter temperatures are too 
low and the period of high temperatures too short 
for the fungus to flourish. : 

In Chesapeake Bay, infections of live oysters are 
infrequent until June when water temperatures have 
reached approximately 25° C. This may not reflect 
a temperature requirement but rather a_ scarcity 
of infective spores since few gapers occur between 
December and June. Some oysters in infested areas 
sarry infections through the winter, however, and 
presumably in these oysters an increase in intensity 
does not require additional infective material from 
the water. 

In August and September 1953 and 1954, it was 


incidence remains high. 


numerous 


believed that the fungus was responding sharply to 
a temperature change of a few degrees in the range 
of 28° to 30°C, for greater numbers of gapers seemed 
to be retrieved following intensely hot periods. In 
the fall of 1954, the persistence of high temperatures 
until the middle of October appeared to be the cause 
losses of oysters. On the contrary, 
July and August 1955, though exceptionally hot 
months, produced low mortalities. Perhaps short 
periods of very hot weather, especially late in the 
season after infections are well developed, are more 
important than average monthly temperatures. If 
summer temperatures persisted longer in Chesapeake 
Bay, as they do in the Gulf of Mexico (Owen 1953), 
mortalities almost certainly would rise sharply. 

The incidence and intensity of infection do not 
decline until December, when temperatures have 
usually dropped below 10° C. The temperatures 
at which the fungus becomes active in the early 
summer (about 25° C), and those prevailing when 
infections begin to wane, show a wide diserepaney. 


of excessive 


The fungus, once established in oysters, will evidently 
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persist at moderately low temperatures, but it re- 
quires higher temperatures to multiply and to in- 
crease the intensity of infections (Mackin 1953). 
The scarcity of spores in spring and early summer, 
and their abundance in fall, are presumably important 
factors affecting the seasonal changes in fungus 
infections. Since oysters in Chesapeake Bay become 
inactive in December, it would appear that adverse 
physical conditions probably eliminate or reduce 
the abundance’ of spores. Yet, occasional heavily- 
infected oysters are encountered in February and 
March, suggesting that the fungus will tolerate low 
temperatures. Furthermore, we have found that some 
spores in gapers will tolerate freezing several times 
and still respond to thioglycollate culture. 


OVERWINTERING OF THE FunGusS IN Live OysTERS 

Ray (1954c) showed by “proximity” studies that 
the fungus was transmitted from one oyster to an- 
other in closed aquaria and that many Louisiana 
oysters, collected in winter and placed in warm water 
aquaria, would develop the disease in one or two 
months. Since our monthly thioglycollate tests of 
live oysters rarely disclosed infections in late winter 
and spring, we turned to Ray’s method to detect 
overwintering infections. Five small groups of 
oysters were placed in closed aquaria in the spring 
of 1954 and held at temperatures which varied from 
23° to 28° C (Fig. 5). The water in the aquaria 
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Days 
Fig. 5. Overwintering of D. marinwm in oysters. The 
timing, incidence, and intensity of infections in oysters 
moved in winter and spring from the cold waters of 
natural habitats to the warm waters (23° to 28° C) 
of aquaria. Each rectangle represents an oyster, and 
in gapers the position indicates the time of death ex- 
pressed as the number of days after being placed in 
aquaria. Survivors were tested at the end of the ex- 
periments on the dates written below the symbols. 
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was replaced several times with unfiltered river water. 
The oysters in experiments A-1 and A-3 were taken 
from Tray 17, for which there was a monthly record 
of the level of infections by the thioglycollate culture 
test (Table 2). The oysters in A-2 and A-5 were 
collected from infested areas and the control group, 
A-4, was obtained from a disease-free area of the 
James River. In 68 days not a single infection 
developed in gapers or survivors in the control group. 
This confirms the usefulness of Ray’s method and 
substantiates his statement that the use of open 
river waters in limited quantities does not produce 
infections. When the first gaper occurred in the 
control group, half of the survivors were opened and 
tested for the fungus before infections could be 
acquired from the gaper, which might have been 
infected. 

In acclimated and experimentally-infected oysters, 
the first heavily-infected gapers appeared within one 
month, but it is impossible to determine from these 
experiments how many oysters bore overwintering 
infections, because proximity infections may have oe- 
curred. The time-distribution of deaths suggests 
that initially only two oysters in A-1 and a single 
oyster in A-2 had infections. It has been shown in 
the section on experimental infections that most 
oysters injected with inoculum and held at 28° to 
30° C gaped in about 30 days. 

The monthly tests of live oysters revealed that 
the lowest level of infections usually occurred in 
April and May. Experiment A-3, begun in April, 
suggests that infections may be acquired in closed 
aquaria from the fecal discharges of infected oysters. 
In 64 days, of the two oysters that died, one was 
negative and the other had a light infection. Since 
both of these gapers were removed as quickly as they 
occurred, there was little chance for their disintegra- 
tion, yet all 13 of the survivors were infected. The 
alternative conclusion is that all but one of the 15 
oysters was carrying overwintering infections. We 
know that some infections, not detected by the 
thioglycollate method, are carried through the win- 
ter, and thus the determination of the incidence of 
the fungus in winter and spring requires the isola- 
tion of each oyster. 


EXPERIMENTAL INFECTION OF OYSTERS AT VARIOUS 
TEMPERATURES 

In 1954 an attempt was made to infect oysters 
at low temperatures. On July 1, 60 oysters were 
collected from Deep Water Shoal, a disease-free 
area of the James River. Two small holes were 
drilled in the shell of each oyster to permit introduc- 
tion of infective material into the mantle cavity (Ray 
1954c). Half of the oysters were placed in a stand- 
ing-water aquarium and the temperature slowly 
lowered to 5° C. The remainder were kept in an 
aquarium maintained at approximately 28° C. After 
three days a mince prepared from heavily-infected 
gapers was injected into the mantle cavity of each 
oyster, and all were returned to their respective 
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aquaria without temperature changes. The oysters 
in water at 5° C appeared to be inactive; therefore, 
after a period of 10 days, the temperature was 
raised to 15° C, At intervals during the six-week 
period of the experiment, a few oysters were removed 
and tested for Dermocystidium. None of the oysters 
kept at the low temperatures was found to be in- 
fected, but after the first two weeks of the experiment 
all of the oysters kept at room temperature had 
developed fungus infections ranging from light to 
heavy. 

In another experiment (Hewatt & Andrews 1956) 
oysters were experimentally infected with the fungus 
and held at 28° C for one week to permit infections 
to develop. The oysters were then transferred to a 
standing-water aquarium and the water temperature 
was gradually reduced to 15° C. A control group 
of oysters was held at 28° C. All but one of the 
control oysters had died by the end of the six-week 
period, and in this group almost all of the gapers had 
heavy infections. The development of infections in 
the oysters held at 15° C was definitely arrested. Of 
the original 100 experimental oysters only 10 died, 
and fungus infections were light or absent. These 
experiments suggest that Dermocystidium does not 
infect oysters at low temperatures and that develop- 
ment of established infections is retarded at tem- 
peratures below 15° C. 


RECAPITULATION 

The fungus multiplies and spreads during the 
warm season but is gradually eliminated in winter 
and spring; relatively few oysters carry infections 
through the winter. These low-grade infections 
apparently provide a nucleus of infective-material 
for the epidemic of disease the next summer. In- 
fections persisted in oysters held at 15° C but develop- 
ment was retarded and new infections did not occur 
at this temperature. 
THE RELATIONSHIP OF SALINITY AND 

FUNGUS INFECTIONS 
RANGE OF THE FUNGUS AND ISOHALINES 

In Chesapeake Bay, D. marinum infections are 
usually absent in oysters from waters with a mean 
summer salinity of approximately 15 °/,, or less, 
thus large areas of productive oyster grounds up 
the Bay and rivers are essentially free of the disease. 
Mackin (1956) has reviewed the relation of D. 
marinum to salinity and concluded that the fungus 
has a salinity tolerance almost as great as that of 
oysters. In Redfish Bay, Louisiana, he found oysters 
growing satisfactorily at a mean salinity of 7 to 
8 °/,, and low levels of fungus infection at 8 to 
9 °/,,. In contrast to the condition found in Chesa- 
peake Bay, fungus-free areas suitable for oyster 
production are very limited in Louisiana. Mackin 
believes that low salinity per se may have a retarding 
effect on the development of the disease but that it 
does not present an effective physiological barrier 
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to the fungus. He suggests that dilution by fresh 
water inflow tends to reduce the concentration of 
water-borne infective cells. In low-salinity areas, 
therefore, infections may not occur because infective 
cells are absent or scarce. The low incidence of the 
fungus in Chesapeake Bay waters with salinities less 
than 15 and its presence in Redfish Bay in salinities 
of 7 to 8 °/,, may reflect the relative flushing rates 
of the two areas. 





TABLE 8. Salinities in the rivers of lower Chesa- 
peake Bay}. 
Num- | SALinity In Parts 
Stations* ber of Per THOUSAND 
samples —_—— —,—_——— 
Mean | Mini- | Maxi- 
| mum | mum 
James River (Records of 
July to September only) | 
James River Bridge, J 11.... 115 17 | G | 22 
Wreck Shoal, J 17.......... 359 14 | 4 | 20 
Deep Water Shoal, J 24..... 108 @ | &f | 13 
York River (All available 
records) | 
Gloucester Point, Y 6....... 1105 yn ie | Se ee 
Bell’s Rock, Y 25 (surface). . 42 1) Bet ae 
7 a ” (25 feet)... 33 144, 6 | 22 
Rappahannock River (All 
available records) 
Broad Creek, RO.......... 71 16 S$ | 2 
Hoghouse Rock, R 15....... 50 15 9 21 
Morattico, R 25............ 26 12 ef tae 
Ross: Rock, BSS... 6sss. 10 9 1 | 36 
Potomac River (All available 
records) 
Mouth of river, PO......... 5 4. | th | Be 


| | 


| | 


1Scattered records mostly from the Virginia Fisheries Laboratory, but some 
from Chesapeake Bay Institute. 

2The letters and numbers are station designations indicating distance in nautical 
miles from the mouths of rivers. 





In Table 8 the means and extremes of salinity have 
been determined for comparison with the distribution 
of the fungus. Several salinity stations near the 
borders of the range of the fungus have been in- 
cluded along with stations within and outside the 
range. Since the fungus is most active in late sum- 
mer and fall when salinities are usually highest 
for the year, records for this period are perhaps 
the most significant. Because records were few, 
adequate data for summer periods were available 
only for the James River and Gloucester Point, 
and the salinities for the remaining stations include 
all records taken during the year. 

The fungus is rare at the James River bridge 
where late-summer salinities average 17 °/,,. The 
low incidence of the fungus at such a high salinity 
probably reflects the vigorous flushing action of the 
James River, which has a greater fresh water flow 
than the York and Rappahannock Rivers. The 
fungus is common at Nansemond Ridge, only a few 
miles below the bridge, where salinities are about 
19 ° In contrast, at Bell’s Rock in the York, 
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and at the mouth of the Potomac River, where the 
average salinity is 14 °/,,, the fungus was present 
at moderate levels of incidence. In the Rappahan- 
nock River the fungus is common at Hoghouse (15 

oo) but rare at Morattico (12 °/,,). It appears 
that the range of the fungus is controlled by factors 
other than salinity. 


Errects oF Low SALINITIES ON INFECTIONS 


Ready access to low-salinity waters where the 
disease is absent prompted us to transplant infected 


oysters to those areas for study. The James River 


Fleet Pier, an abandoned structure which extends 
out to the channel in an area where the salinity ranges 
from 1 to 13 °/,, was chosen for the low-salinity 
station. Oysters from Tray 16 at Gloucester Point, 
collected in the Rappahannock River in 1952 as 
yearlings and 2-yr-olds, were used in the experiment 
(Table 1). From June to October 1953 the death 
rate of these oysters in trays at Gloucester Point 
was 21%. Most of the gapers removed from this 
tray in 1953 were heavily infected, and it is assumed 
that live oysters, which were not tested for the 
fungus, had a high incidence of infection. 

TABLE 9. Incidence and intensity of fungus in oysters 
exposed to infection then transplanted to a low-salinity 
area in the James River, 1954. 





NuMBER OF INFEC- 
TIONS RY INTENSITIES 


_ a 
g “3 m 

E $ 2 eg) 22/88 
2; $ |g, & 2| §2| 25 
> 2 Eo|2 =] = $1 °o | &s 
FS 2 |SRs 2 @ gs s2/ ee 
& an Z22/X A 4 Z| a8) 58 
16 5 Nov |28/1 10 16 1) 96 | 1.82 
16a | 30 Aug | 26 1 5 20) 23 | 0.31 
16a | 5 Nov | 27 4 2 21) 21 | 0.52 
16b | 5 Nov | 25} 1 5 8616 3} 88 | 1.44 
31 | 27 Oct | 20 “ae 8| 60 | 1.40 
32 | 5 Nov | 25] 25, 0 | 0.00 





The first group of oysters (Tray 16A) was moved 
to the Fleet Pier on May 5, 1954. Tests of live 
oysters for the fungus were not made at this time, 
but it was known from the five series of monthly 
thioglycollate tests described earlier that infections 
were rare or absent in May. On August 30 it was 
found that 6 of 26 oysters in Tray 16A were in- 
fected, and on November 5, 6 of 27 oysters were in- 
fected (Table 9). The death rate in the tray from 
May 5 to August 30 was 11.7%. Six of the 7 deaths 
occurred before June 14 and the one gaper recovered 
was negative for the fungus. There was no mortality 
in Tray 16A from August 30 to November 5. 

The second group of oysters (Tray 16B) was 
moved to the Fleet Pier on August 30, 1954. These 
oysters, from Tray 16, had high death rates and 
many heavily-infected gapers in July and August. 
Again, live oysters were not tested when transplanted, 
but it is assumed from the intensity of infections 
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in gapers that infections were common. On Novem- 
ber 5, all but 3 of 25 oysters were infected (Table 
9), the mortality was high, and the two gapers 
which were recovered had heavy infections (Table 
10). 

TABLE 10. Mortality rates of oysters exposed to the 


fungus then transplanted to a low-salinity area in the 
James River, 1954. 





5 May - 30 Aucust | 30 Aucust- 5 Nov. 
Tray number — 
Num-; Num-| Per | Num-|}Num-| Per 
ber ber cent ber ber cent 
alive | dead | dead | alive | dead | dead 


16. $ i 122 45 | 36.9 40 13 | 32.5 
a ae 60 ae ie Bg 27 0; 0.0 
i ae rire 37 13 | 35.1 
ees : 53 0 0.0 43 2 4.7 
ae yee eed 16 9.0 159 8 5.0 


One of the control groups (Tray 16) consisted of 
the remaining oysters at Gloucester Point. At the 
end of the high mortality period, all but one of 
these oysters were infected and the death rate was 
high before and after August 30 (Tables 9 & 10). 

The other control group (Tray 32) consisted 
of fungus-free oysters which had been in trays at 
the Fleet Pier since the summer of 1953. None 
of these oysters had infections in November 1954 
(Table 9). The mortality was low for the early and 
late summer periods, and most of the deaths from 
May to August were caused by smothering when the 
tray fell into the bottom mud (Table 10). 

Another group of disease-free oysters (Tray 31) 
was moved from the Fleet Pier to Gloucester Point 
on August 30. No tests of live oysters were made 
at this time but their history was identical with that 
for Tray 32 and it is assumed they had no infections 
when moved. On October 27 these oysters had 
developed a substantial number of infections with 
a weighted incidence almost as high as the control 
group (Tray 16). 

It appears that infections, once established, can 
persist in low salinity waters without causing many 
deaths. In 1954 trays of infected and uninfected 
oysters were held in close proximity at the James 
River Fleet Pier through the summer without caus- 
ing infections in the disease-free oysters. Since 
established infections persisted and slowly increased 
in intensity, it is presumed that failure of oysters 
to acquire new infections was probably due to the 
absence or scarcity of infective spores. There are 
indications that the low salinity retarded the de- 
velopment of the disease from overwintering in- 
fections (Tray 16A) but that the death rate was 
not reduced among oysters with substantial infections 
(Tray 16B). Probably of greatest importance is 
the evidence that almost 25% of the oysters in Tray 
16 carried infections through the winter. Such over- 
wintering infections usually give negative results 
with the thioglycollate test. 
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h 


the extent 


of overwintering of the fungus. At 


the James River Fleet Pier, 450 oysters from Hog- 


house Bar, an infested area, and 200 loeal fungus- 
free oysters were placed in trays. 
mid-August 
Diane 


when 
passed. In 


died before the 
Hurricanes Connie late 
August after the passage of the hurricanes, mortali- 


ties caused by fresh water and its associated effects 


the oysters 
and 


were experienced on oyster grounds in each of the 
three major rivers in Virginia. On August 30, over 
half of the Hoghouse oysters in trays at the Fleet 
Pier over one-fourth of the local 
oysters All but 50 of the Hoghouse 
oysters were dead on September 24 and only 88 of 


were dead and 


had died. 
the local oysters remained alive. However, losses 
at Deep Water Shoal, a natural bar one mile above 
the Fleet Pier, were much severe than in the 
trays. The cause of the death rate of 
Hoghouse and local oysters in trays at the Fleet 
Even more baffling was the 
absence of D. marinum infections in 75 gapers and 


less 


excessive 
Pier remains a mystery. 


37 live oysters from the trays of Hoghouse oysters. 
As expected, 25 live oysters and 10 gapers from 


the tray of local oysters exhibited no infections. 


RECAPITULATION 
Although the limits of the distribution of the 
fungus in Chesapeake Bay are conveniently associ- 
ated with the isohaline of 15 °/,,, salinity in itself 


is apparently not an effective limiting factor. The 
fungus does not produce new infections in low 


salinity waters and development is merely retarded 
when infected oysters are moved to such waters. 


THE EFFECTS OF HANDLING AND OTHER 
FACTORS ON FUNGUS INFECTIONS 
Errects OF HANDLING ON FuNGUS INFECTIONS 

Frequent handling or from the 
for extended periods might be expected to increase 
the death rate of oysters. The handling of oysters 
in trays was described in an earlier paper (Hewatt 
& Andrews 1954b). Except for occasional cleaning, 
oysters in trays were exposed only about five minutes 


removal water 


daily while gapers were sought. 

An experiment was conducted in 1955 to compare 
the effects of handling oysters daily and monthly. 
About 1000 market oysters were dredged from Hog- 
house Bar, an infested area in the Rappahannock 
River, and divided into two lots, each of which 
occupied three trays. The first lot of oysters, Trays 
56 to 58, was examined daily, and the second lot, 
Trays 59 to 61, monthly. In all other respects the 
trays were treated alike. 

The death rate in Lot 1 was less than in Lot 2. 
although not significantly so. Therefore, there is no 
evidence that daily handling increased mortalities 
(Table 11). The data again raise the question of 
tray-to-tray variability, already examined in the 
section on source and age differences (Table 7). It 
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1955 another attempt was made to determine 


Very few of 





1g 


TABLE 11. The effect of frequeney of handling on the 
death rate of oysters in trays, 1955. 





NUMBER DEAD IN 
Lot 2, EXAMINED 


NUMBER DEAD IN 
Lot 1, EXAMINED 


DatLy MontTHLY 
Month 
elm | x ei¢eia 
June 2 ] 1 4 1 1 1 3 
July 2 9g , 16) 11 4 6 1 
August. . 17 8} 13} 38 9} 12) 16) 37 
September. 8} 12; 13) 33) 14 5} 18) 37 
October. 10, 10 >| 25) 15) 10) 16) 41 
Total 39) 40) 37] 116} 50} 32) 57) 139 
Original count 170) 182) 168) 520) 174! 161) 180) 515 
Death rate 

(per cent)... 23} 22) 22) 22) 29) 20) 32) 27 

x?=0.10 x¥2=5.58 

P=0.95 


P>0.05 2d.f. 


P=0.10 1 df. 





X°? test of lots 1 and 2 = 2.97 


is our belief, after five years of tray experiments. 
that, over a period of several months or a year, 
samples as small as 100 oysters usually give re- 
liable death rates. If the true death rate for oysters 
in the handling experiment is assumed to be 25%, 
the observed death rate in each tray falls within 
the 95% interval of 18 to 33% (Table 
11). Mortalities in the trays of Lot 1 were re- 
markably similar but these of Lot 2 con- 
Although significant differences in the death 
rates between lots were not confirmed by chi-square 


confidence 


varied 
siderably. 


tests, the removal of gapers from Lot 1 is a faetor to 
consider. Over 90% of the gapers were removed from 
Lot 1 before much disintegration had oceurred, but in 
Lot 2 nearly all gapers disintegrated and by releasing 
fungus spores may have accelerated the infections in 
It will be noticed that as the 
deaths continued to in- 
Lot 1. For the 

rate was 9.8% 


neighboring oysters. 
war season progressed 
crease in Lot 2 but 
month of October alone, the death 
in Lot 2 and only 5.8% in Lot 1. 
From each tray 25 live oysters were tested for 
the fungus. The oysters handled daily had fewer 
infections and intensities than 
examined monthly (Table 12), but again these dif- 
ferences were not significant. Within each lot varia- 
tions in the number of infections and the weighted 
incidence were and the data on fungus 
infections do not explain the low mortality in Tray 
60, or the high mortality in Tray 61. Few gapers 
were recovered from the monthly trays but these 


decreased in 


were lower those 


small, 


usually had heavy infections. From the two lots, 
124 gapers were recovered, of which 96% were 


infected and the weighted incidence was 4.5; hence 
there is little question that most deaths in both lots 
occurred from fungus infections. 
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TABLE 12. The effects of frequency of handling on 
fungus infections in tray-grown oysters, 1955. 





NuMBER OF INFEC- 
TIONS BY 
INTENSITIES 


Frequency 

of handling 
Tray number 
Moderate 
Weighted 
incidence 


Light 
| Per cent 


| infected 


| 
| 


Daily 


oo | Negative 


— 
ou 


Averages 


Monthly 


Averages 





A third lot of oysters from Hoghouse Bar was 
placed in trays on a planted oyster ground near 
Gloucester Point in water having a depth of five 
feet at mean low tide. Special trays with legs 
were built to raise the oysters approximately one foot 
off the bottom. The two trays, containing 473 oysters, 
were examined six times during the summer and fall 
and the death rate from June to November was 
17.8%. This is significantly lower (Chi-square= 
12.30, df=2, P=<0.01) than the mean rate of 
22.5% for all Hoghouse oysters in trays at the 
Laboratory pier (Table 13). 


TABLE 13. Chi-square tests for differences in death 
rates of Hoghouse oysters in trays, 1955. 





| Num-| Num- | | 
bers | bers | Mortality 
Handling in of | in per 
group | dead cent 


| 
Tray | 
numbers} 


Location 


56 to 58) VFL pier Daily 
59 to 61| VFL pier Monthly 


22.3 | 
12.30 | <0.01 
2 df. 


520 | 116 | 
515 | 139 | 27.0 
Monthly | 473 84 | 17.8 


63 & 65) Natural bed 


1508 | 339 





VIABILITY OF FuNGUS SPORES 

The viability of fungus spores was tested by 
various severe treatments. On August 16, 1955, half 
of each of the meats from 5 heavily-infected gapers 
were frozen and pieces of each, tested by the thiogly- 
collate method each day until September 3, remained 
heavily infected throughout the 18-day period. In 
another experiment beginning August 16, the remain- 
ing halves of each of these 5 gapers were homogenated 
in a small amount of sea-water with a Waring 
blendor, and held, at room temperatures. Daily 
testing revealed heavy infections on August 17 and 18, 
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moderate infections on the 19th and 20th, light to very 
light infections on the 21st and 25th, and no infections 
thereafter. In homogenated tissues, the spores 
persisted for 9 days. In another experiment, three 
heavily-infected gaper meats were placed in Petri 
dishes without water on August 3, and held at room 
temperatures; on September 3 tissues from all were 
still heavily infected. Similarly, gaper meats held 
in salt water in finger bowls at room temperatures 
retained their level of fungus infection for periods 
of 16 and 25 days despite nearly complete disintegra- 
tion. It appears that spores within the oyster tissues 
can persist for long periods but that they are rapidly 
destroyed when released into the water. 
RECAPITULATION 
Trays from which gapers were removed daily had 
slightly lower mortalities than trays examined month- 
ly. The death rates in trays over planted grounds 
were lower than at the Laboratory pier. The in- 
cidences and intensities of fungus infections were 
somewhat higher in the oysters examined monthly. 
In general these data support the conclusion that 
a tray of 100 to 200 oysters will give a fairly re- 
liable estimate of the death rate and the level of 
fungus infections. The fungus withstands freez- 
ing and drying of oyster tissues but is rapidly de- 
stroyed in homogenated tissues. 


DISCUSSION AND CONCLUSIONS 


THE IMPORTANCE OF Dermocystidium marinum As 
A CAUSE OF OysTER DISEASE 

Most diseases are limited in their ravages of 
host populations by one or more factors such as 
seasonal mode of transmission, range, 
and pathogenicity. D. marinum is highly pathogenic 
to oysters and has an extensive range in Chesapeake 
Bay. Only the short season of disease activity pre- 
vents catastrophic losses among oysters. Most oysters 
growing in areas infested with the disease probably 
have the fungus during their lifetime, and apparently 
all are susceptible if conditions are favorable for 
the disease. It is not unusual for 75% of the 
oysters in a bed to have the disease in one summer 
and most oysters remain on the growing grounds two 


occurrence, 


or three summers. 

Most oyster grounds in Virginia are affected by 
the fungus. Evidently the water-borne spores are 
distributed widely and only rarely was the disease 
absent in local areas within the range of the fungus. 
Not even oyster drills, the scourge of young oysters, 
range as widely. The James River seed area and 
Seaside of the Eastern Shore are the only major 
areas essentially free of fungus infections. Creeks 
and the uppermost oyster-producing grounds of river 
estuaries constitute the remainder of the disease- 
free grounds. In Maryland, on the other hand, 
the fungus is limited to a small portion of the oyster 
grounds. 

Dermocystidium has been the primary cause of 
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death in about 87% of the gaping tray oysters ex- 
amined by us in the past four years. This is 
assuming that all gapers with heavy and moderate 
infections were killed by the fungus. If only the 
heavily-infected oysters are considered, still about 
81% of all deaths can be attributed to the disease. 
It is easy, however, to place too much importance 
on the disease if only tray studies are considered. 
The fungus is the dominant killer in trays because 
smothering, injury, drill predation and other causes 
of death associated with natural bottoms are pre- 
vented. On natural grounds some of these agents of 
death take their toll before oysters become large 
enough to be attacked by the fungus, and interact 
with the fungus thereafter. The fungus causes 
disease mostly in large oysters two years of age 
and older. 

The fungus probably affects the condition and 
growth of oysters (Menzel & Hopkins 1955). Ray, 
Mackin & Boswell (1953) reported that the mean 
wet weights of heavily-infected oyster meats were 
about 33% less than those of uninfected oysters. 
In Virginia, however, we have repeatedly noticed that 
in late summer some heavily-infected gapers appear 
to be fatter than live oysters. Measurements have 
not been made to confirm this impression, but it is 
possible that differences in spawning and fattening 
cycles between Gulf of Mexico and Chesapeake Bay 
oysters may influence the effects of the disease on 
The color and plumpness of some gapers 
Perhaps 


condition. 
may be the result of failure to spawn. 
the rapidity of development of the disease in August 
and September leads to death before emaciation. 
Many gapers in extremely poor condition are also 
encountered. 

Our estimate of the importance of the fungus on 
commercial oyster grounds is based on the similarity 
of infections in live oysters from trays and from 
natural habitats, and the demonstration that heavily- 
infected gapers do oceur on natural grounds. The 
series of monthly tests at Gloucester Point demon- 
strated that in a given area the type of habitat 
did not greatly influence the level or seasonal pattern 
of infections in live oysters. In gapers, however, 
those from natural habitats usually had lower in- 
cidences of fungus infections than those from trays. 
This implies that other factors were causing deaths 
on natural grounds. The incidence of infection 
seemed to be particularly low in gapers collected 
from dredge boats where the dredging operation may 
have been the cause of the injury. Gapers are 
hard to find on natural bottoms, and when they 
occur with high frequency abnormal conditions usual- 
ly are indicated. 

The actual losses on natural grounds from Der- 
moeystidium have not been determined. In three 
years, annual losses in trays at Gloucester Point have 
varied from 26 to 57% in native oysters over two 
years of age, and about 87% of the deaths can be 
attributed to the fungus. In 1954, the average an- 
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nual mortality for oysters in trays at Gloucester 
Point was over 50%, and on a commercial bed 
which yielded only one-half bushel per bushel of 
oysters planted, marked oysters on the bottom had 
a mortality of 61%. This was a year of great fungus 
activity, and the association with high oyster losses 
a major role for the fungus on 


strongly implies 
Unfortunately, the severe hur- 


natural grounds. 


ricane, Hazel, which struck in mid-October 1954, was 
promptly allotted a major share of the blame for 


poor yields. 


DISSEMINATION OF FuNGUS SPORES AND RELATION 
TO SALINITIES 

The dissemination of spores is a subject of great 
importance about which little is known, for no one 
has collected spores from natural waters or demon- 
strated their presence. Spores are released in the 
water by the various tissue-destroying agents acting 
on gapers. In aquaria, we have found numerous 
spores in the spawn of infected oysters. Spores are 
expected in the fecal material of oysters, but they 
have been hard to demonstrate by the thioglycollate 
culture method. The relative importance of spores 
from disintegrating gapers, spawn, and fecal material 
is unknown, but probably the gapers provide most 
of the spores released in the water. Some of the 
seavengers feeding on gaper meats, particularly 
nereid worms, have the fungus spores in their 
tissues, and they may serve as distributors and 
temporary hosts for the spores. Mackin (1956) has 
recently described a life cycle for D. marinum, 
partly-hypothetical, which includes many stages, 
all of which are believed to be infective. This greatly 
complicates the study of the dissemination of in- 
fective elements. 

The effects of proximity of oysters in spreading 
fungus infections have been studied by Ray (1954e) 
in aquaria, but little is known of this factor in 
natural waters. Oysters may be more densely ar- 
ranged in trays than on planted grounds, and the re- 
moval of gaper meats may be quicker on natural 
bottoms where all seavengers have the 
oysters. In the experiments on handling of oysters, 
gapers were removed from the daily trays, but 
the slightly higher incidences and intensities of the 
fungus in the monthly trays, in which gapers were 
allowed to deteriorate, were not statistically signifi- 
cant. If there is a proximity effect, the disease may 
be more severe on thickly planted private grounds 
than on sparsely populated public grounds. Hog- 
house Bar, a public ground in the Rappahannock 
River, was consistently low in the incidence of the 
fungus, but salinities at this station were also low 
and may have restricted the number of infections. 

The occurrence of the fungus on nearly every 
oyster ground examined in the lower half of Chesa- 
peake Bay led us to believe that the spores were 
widely distributed by water currents. Recently, a 
discontinuous distribution of the fungus has been 
reported in lower Delaware Bay (personal com- 
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munication, New Jersey Oyster Research Laboratory, 
Rutgers University). Locales of high infection have 
been associated with imports of Virginia seed-oysters. 
These observations suggest that the disease spreads 
gradually over oyster grounds and not through wide 
dispersal of spores by water currents. 

The experiments involving the transplantation 
of infected oysters to low-salinity waters suggest 
that infective elements are dispersed or destroyed too 
quickly to increase infections by contiguity of oysters. 
In these experiments, infected oysters were placed 
in a tray within a few feet of disease-free oysters 
but no infections oceurred.. High-salinity waters 
may be more favorable for free spores, and proximity 
to diseased oysters may then enhance infections. 
The positive response of D. marinum spores to 
thioglycollate treatment after being frozen or dried 
in gapers for several days, and the quick disap- 
pearance of spores in homogenated tissues are in- 
teresting clues to the persistence and dispersal of 
spores in open waters. Mackin (personal com- 
munication) states that bacteria attack the spores 
quickly after the.death of the. oyster and that most 
spores in homogenated tissues are dead: by. the eighth 
day. 

The absence of infections in low-salinity waters 
may indicate a lack or scarcity of spores. The 
most probable explanation, advanced by Mackin and 
supported by Ray (1954a), is that spores are dis- 
persed and carried down the estuaries through the 
addition of fresh water. The disease persists and 
intensifies in infected oysters transplanted to low- 
salinity areas. We agree with Mackin (1956) and 
Ray (1954c) that low salinity per se appears to have 
little effect on the distribution of the fungus, al- 
though it may delay development of the disease 
and suppress mortalities. We suspect that the cir- 
culation pattern and the flushing characteristics of 
a body of water are of primary importance in regu- 
lating the disease pattern. In Virginia the incidence 
of D. marinum appears to be lowest where the flush- 
ing rate is greatest. The James River with vigorous 
flushing has little fungus although summer bottom 
salinities at the James River Bridge usually have 
a mean of about 17 °/,,. In Chesapeake Bay salinities 
do not vary much in the summer and fall seasons 
when Dermocystidium is most active. The relative 
stability of flushing patterns, which is reflected in 
salinity patterns, probably lends regularity to the 
fungus disease picture. 

The problem of the dissemination of spores de- 
serves more study, for if infections should be localized 
and produced by proximity to infected oysters, 
then there exists a basis for practical control by 
avoiding infected seed-oysters and thoroughly clean- 
ing all oysters from planting grounds. 


VARIATIONS OF INFECTIONS WITH AGE AND 
SourcE OF OYSTERS 
The absence of the fungus in oysters growing 
in Seaside and Chincoteague waters has intrigued 
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us. The high salinities and temperatures of these 
areas are comparable to those of lower Chesapeake 
Bay, and should provide suitable habitats for the 
fungus. Furthermore, oysters have been transplanted 
back and forth between these areas and Chesapeake 
Bay, offering numerous opportunities for the fungus 
to become established. No explanation for this 
anomaly can be offered at present. 

The susceptibility of Seaside oysters and the resis- 
tance of South Carolina oysters to D. marinum leads 
one to a comparison of their habitats. In _ both 
areas most oysters grow intertidally in waters of 
high salinity. Can the differences in susceptibility 
of the oysters be explained in terms of the period of 
time the fungus has been present in each area, and 
have southern oysters undergone a period of selee- 
tion toward natural immunity? If so, this could 
mean that the fungus has moved or is moving north 
along the Atlantic coast. 

Ray (1954a) studied the effects of D. marinum 
on young oysters in Barataria Bay and found spat 
refractive to infections until an age of three or four 
months Thereafter susceptibility in- 
creased into the second year. In infested waters of 
Chesapeake Bay, a few oysters became infected as 
yearlings, and apparently susceptibility of oysters 
increases to an about three years. Since 
the fungus responds to high temperatures, in com- 
paring Barataria Bay and Chesapeake Bay considera- 
tion must be given to the duration of the warm season. 
In the Gulf of Mexico the oyster is active most of 
the vear whereas in Chesapeake Bay it is dormant 
Consequently, market size is at- 
the Gulf but 24 to 
Chesapeake waters. 


was reached. 


age of 


for several months. 
tained in 18 to 24 
36 or are required in 
Therefore, in the two areas, oysters of the same age 
are not necessarily of the same size. The size oi 
oysters may be an important factor affecting the 
occurrence of D. marinum infections. 


months in 
more 


EFFECTS OF THE DISEASE ON THE OysTER INDUSTRY 
IN CHESAPEAKE Bay 

The epidemiology of the disease in Virginia differs 
from that described for Louisiana chiefly by the 
shorter period of pathogenicity to oysters. The 
disease remains active for most of the year in 
Barataria Bay, Louisiana, but it is dormant nearly 
half the year in Virginia. In Virginia, infections 
almost disappear in winter and spring, whereas in 


Louisiana intensities decline but incidences remain 
high. Annual fluctuations in the intensity of the 


disease, and the damage caused by it, seem to be 
related to the level and duration of temperatures 
and to water circulation as influenced by rainfall. 
Hot and dry summers, particularly when these con- 
ditions are prolonged into the fall, favor the disease. 

Ray (1954¢) has discussed the importance of fresh 
water and low salinity areas in controlling the disease. 
He also full utilization of 
under one year of age in which incidence of the 


In Chesapeake Bay, control of the 


suggests voung oysters 


disease is low. 
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fungus seems unlikely at present, but proper man- 
agement may minimize losses. The fungus is present 
in nearly all beds of oysters within its range. The 
duration of the disease preceding the death of an 
oyster may be as short as one month, and it does 
not appear practical to treat individuals or groups 
of oysters for the disease. At present, reduction 


of losses depends upon avoiding the fungus. Low 
salinity waters where the disease is not present 


should be fully used and the number of summers 
during which oysters are held in high salinity waters 
should be strictly limited. 

In Louisiana the entire crop of oysters over a 
year of age is often lost during one summer (Ray 
& Chandler 1955). 
three summers in Virginia before the yield is reduced 
to a level which returns no profit. Nevertheless, it 
is strongly recommended in areas where the disease 
flourishes that held 
number of summers necessary to reach market size. 
This can be accomplished by planting the largest 
uninfected oysters available and harvesting the stock 
as soon as it becomes satisfactory for standard 
oysters. Attempts to stock 
retailed in the shells) or a large proportion of selects 
(large choice oysters) in infested areas probably will 
fail. 
endemic for the disease is particularly hazardous 


Oysters may be held two or 


oysters be only the minimal 


raise barrel (oysters 


Planting oysters in shallow waters of creeks 


because water temperatures reach high levels, anc 
slow flushing maintains high concentrations of spores. 
The high susceptibility of Seaside oysters almost 
precludes their use in infested areas unless satis- 
factory growth can be obtained with only one summer 
season of exposure to the fungus. The high death 
rates of Seaside seed oysters during their second and 
third summers in Chesapeake Bay have long been 
known to oystermen, but only now is the cause 
known to be Dermocystidium. In the Bay it probably 
will be advantageous to plant in early fall in in- 
fested areas to take advantage of fall and spring 
growth before infections oceur during the first sum- 
mer. We believe that the best yields will be obtained 
by late spring harvesting. McHugh & Andrews 
(1955) have shown that tray-grown oysters in areas 
infested with the disease may reach their maximum 
total biomass in about 18 to 24 months after trans- 
each year, the vield 
and declines during the summer 


planting. During reaches a 
peak in late spring 
and fall. 
taining the fungus, growth fails to equal losses and 
This further emphasizes the necessity 


After the second summer in waters con- 


vield declines. 
to limit the 
through which oysters are held. 

The development of resistant stock may be the 
most desirable method of combatting the disease. 


number of summers or warm periods 


Seed areas in low salinity waters, for example the 
James River, are free of the disease, therefore naturai 
selection for resistance to the disease will probably be 
slow in Chesapeake Bay. There is evidence already 
that native oysters in infested areas are more resist- 
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ant than James River seed. The most resistant 
oysters encountered were those obtained from South 
Carolina. The practicability of importing seed in 
commercial quantities from South Carolina is not 
vet established, and since South Carolina seed has 
certain disadvantages which must be explored further, 
it is chiefly useful now for experimental purposes. 

Natural selection for resistant oysters in areas 
where the disease is active is slow because the native 
brood stock is restricted by poor reproduction and 
heavy predation of young The rapidity 
of natural selection depends to some extent upon 
In Prince Edward 


oysters. 


the pathogenicity of the disease. 
Island, Canada, the Malpeque disease killed most 
of the oysters in a relatively short time (Needler & 
Logie 1947). The survivors, which may have been 
oysters imported from the northern shores of the 
United brood stoek 
in the area, and soon the population offered con- 
the In Chesapeake 
Bay many oysters, including planted oysters from 


States, became the principal 


siderable resistance to (lisease. 
the James River seed area, live two or three years 
hefore D. marinum strikes, and they breed and per- 
petuate their kind successfully. Presumably selection 
would be more rapid in areas like the Gulf of Mexico 
where mortalities are extremely high each vear. 

It may be possible to produce limited quantities 
of selected brood stock in tanks or in enclosed ponds. 
Selected brood stock 
have little chance of becoming effective in the James 


resistant to the disease would 


River seed area among voluminous stocks of native 
oysters which are not undergoing selection. However, 
stock 


effective in disease-infested areas if protection from 


limited quantities of resistant might become 
predation could be obtained for the progeny. 

There is no proof that the disease was present in 
Jay prior to 1949. Until 


dence of recent introduction, however, we must as- 


Chesapeake there is evi- 
sume that it has been present for many years and 
that oystermen do not have a new source of mortalitv 
with which to contend. 


THe ROLE oF OTHER PARASITES AND PESTS IN 
OystTeER MorvaLity 
In addition to D. marinum, whieh has been 


studied most intensively because of its role as a major 
cause of oyster deaths, other pests and parasites 
have been considered in relation to oyster mortality. 
The discovery of Dermoeystidium-like organisms in 
numerous species of bivalves raised the problem 
of host specificity. Cross-infection experiments, al- 
though tried on all with fungus 
parasites, have failed to produce evidence of con- 
the host 
of the parasites in bivalves other 


not yet bivalves 


specificity, and even when is abused ani 


weakened, none 
than the oyster appears to cause serious infections. 
The high incidence and low intensity of infections 
in many bivalves is striking. It appears quite obvious 
from the occurrence of large clusters of cells in the 
tissues that the fungi in these other bivalves have 


multiplied in the hosts. However, large numbers 














24 J.D. ANDREWS AND W. G. Hewartrt 


of fungus cells have also been seen repeatedly in 
the parapodia of marine annelids, Neanthes succinea 
(Frey & Leuckart), which have fed on oyster gaper 
tissues. 

After attempting cross-infection experiments, Ray 
(1954¢) concluded that a considerable degree of 
host specificity existed. Mackin studied sections 
of clams and states (personal communication) that 
the parasites in Macoma are not D. marinum. It is 
possible that a whole group of related species of 
fungus parasites of bivalve mollusks is involved. 
In some species of bivalves, the parasites were found 
in Chesapeake Bay but not in the Gulf of Mexico 
{Ray 1954c). At present there is no evidence that 
these parasites of other bivalves play a role in 
the destruction caused by D. marinum in oysters. 

Organisms which may be contributing factors in 
fungus-caused deaths of oysters are the gregarine, 
Nematopsis, the mud-blister worm, Polydora, and the 
boring sponges. Nematopsis has rarely been abun- 
dant in gaper tissues examined during this study 
and probably has not contributed to the deaths ot 
oysters in trays. Polydora is believed to be the 
primary cause of deaths in a few oysters and prob- 
ably is a contributing factor in the deaths of others; 
similar results were obtained by Mackin & Cauthron 
(1952) in Louisiana. Closed and open abscesses 
located in ecaleified or soft protuberances arising 


from the shell are not uncommon. These pro- 


jections or “mud pearls,” caused by the activities 


of worms which have penetrated the shell in the area 
of muscle attachments, displace the muscle tissues and 
weaken oysters. Mud pearls are most common in 
late fall and winter gapers. Most gapers contain- 
ing such obstructions are infected with the fungus, 
but some are not, and these may have been killed 
by Polydora. Although boring sponge was abundant 
in the shells of many tray oysters, the effect on the 
death rate appears to be slight. Oysters with heavy 
infestations of the sponge have been held in trays 
at Gloucester Point for five years. 

During the cool spring months each year, and 
particularly in May and June, South Carolina oysters 
had a low but persistent death rate not found in 
native oysters. These deaths were not caused by 
Dermocystidium and it is possible in these oysters 
introduced from southern areas that cool weather 
diseases, such as Hexamitiasis, are active (Mackin, 
Korringa & Hopkins 1952). Other diseases as yet 
undescribed are believed to occur in Virginia oysters 
(Mackin, personal communication). 


SUMMARY 

The problem of mortality of oysters in Virginia 
waters has been approached by studying oysters in 
trays suspended off the bottom. This method elimi- 
nates many death-producing agents related to bottom 
conditions. In a previous paper (Hewatt & Andrews 
1954) the seasonal pattern of mortality in trays was 
described. In this report, the epidemiology of one 
of the most important agents of death, the disease 
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caused by the fungus, Dermocystidium marinum, 
is discussed. Attempts have been made to relate 
mortalities in trays to those on natural bottoms, 
but this important phase of the work requires further 
study. 

In live oysters the fungus flourishes in the warm 
seasons and either becomes dormant or disappears 
during the cold seasons. At Gloucester Point, 70 
to 100% of all acclimated oysters two years of age 
and older, whether from trays or natural bottoms, 
became infected and fall, and live 
oysters from other areas revealed comparable infec- 


each summer 
tions. 

Gapers collected mostly 
from trays at Gloucester Point. During the years 
1952 to 1955, 89 to 95% of all gapers were infected, 
and most of these had heavy concentrations of the 
fungus spores in all tissues. Mackin has demon- 
strated that such infections are lethal to oysters. 
In trays nearly all deaths occurred during the warm 
months of summer and fall and a high percentage 
of these were caused by the fungus. Gapers without 
fungus infections were always rare but occurred 
most commonly in late winter and spring. 

Each summer the incidence of infections became 
high both in live oysters and gapers but the intensity 
was much higher in gapers; most live oysters had 
light and most gapers heavy infections. It is con- 
cluded that the fungus disease is highly pathogenic 
to Chesapeake Bay oysters and that only the relatively 
short warm season prevents higher death rates. 

The age and source of oysters influenced the oc- 
currence of the fungus and the death rate. Yearling 
oysters had few infections and low death rates in 
natural waters, but they were easily infected and 
killed experimentally by feeding minced gaper tissues. 
Both the level of infection and the death rate in- 
creased with age until oysters were three years old. 
Infections were more frequent in 
oysters from Seaside of the Eastern Shore and 
less frequent in oysters from South Carolina than 
in native Chesapeake Bay oysters. Racial differences 
in susceptibility to the disease are indicated. 

Tests of live oysters revealed the presence of the 
disease in most Virginia waters except the James 
River seed area, Eastern Shore, Chin- 
coteague Bay, the Potomac River and its tributaries, 
extreme upper limits of the 
other major rivers. The disease was usually absent 
in areas with summer salinities below 15 °/,,. The 
absence of the disease in the high salinity waters of 
Seaside has not yet been explained. 

The disease flourishes at high temperatures and 
prefers moderate and high salinities. Established 
infections are inhibited at temperatures below 15° 
C and salinities below 12 to 15 °/,,, but spores within 
oyster tissues are resistant to freezing and drying. 
Groups of oysters fully acclimated to areas where 
the disease is active develop infections earlier in the 
season, and eventually have a higher percentage of 


(dying oysters) were 


and deaths 


Seaside of 


and the ereeks and 
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serious infections than oysters transplanted from 
disease-free areas. This “acclimation effect” is be- 
lieved to be related to overwintering infections in 
oysters. Warm winters followed by hot dry summers 
produce high mortalities. Daily handling of oysters 
in trays did not increase infections or deaths. 

The disease reduces yields of oysters in lower 
Chesapeake Bay. Losses can be minimized by 
limiting the number of warm seasons that oysters 
are held in areas where the disease is endemic. Maxi- 
mum use of low salinity areas is advisable. Seed 


oysters from Seaside of the Eastern Shore, which are 
more susceptible to the disease than natives, should 
not be used in Chesapeake Bay. 
pected losses will also aid the oysterman in planning 


Knowledge of ex- 


his operations. 

The role of other parasites and pests as mortality- 
producing agents appears to be minor in tray- 
grown oysters. 
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INTRODUCTION 

Drought on the prairies of the Great Plains is 
a common Vegetation on this vast ex- 
panse of rolling topography had its development 
under great diversity of climatie conditions. Dur- 
ing wet cycles the prairie plants thrived and produced 
a maximum yield but when drought came much of the 
Pioneers observed a higher 
wet periods 


occurrence, 


wet cycle gain was lost. 
carrying capacity of range land during 
and great decreases in drought, but the contribution 
made by overgrazing to drought losses was largely 
overlooked. 


RESPONSE OF PRAIRIES TO DRY AND WET 
PERIODS 

Prairie studies at Fort Hays Kansas State Col- 
lege have been continued sufficiently long to measure 
rather accurately response of vegetation to cycles in 
weather, and to variations in degree of grazing by 
livestock. 

Two periods of drought (1933-1939, and 1952- 
1955) have occurred in the Great Plains during the 
past 25 years. Between these deficient 
rainfall were those of abundant moisture when total 


vears of 


precipitation was considerably above average (Fig. 


average rainfall was much 
and, usually, considerably 
Conversely, 


1). During wet cycles, 
above normal in June 
above during May, July and August. 
summer rainfall during dry cycles was greatly be- 
low average. Amount and distribution of rainfall 
during 6 summer months (April to Sept.) affects 
ereatly the growth (or perhaps mere survival) of 
grassland vegetation. 

In table 1, summer rainfall at Hays, Kanasas 
is given for each of 3 wet seasons and 5 dry ones. 
These years have been representative 
of wet and dry periods during the past quarter cen- 
tury. Rainfall during summer months, therefore, 
can be compared annually with available soil mois- 


selected as 
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DISCUSSION AND CONCLUSIONS 


SUMMARY 


LITERATURE CITED 


ture (that in excess of hygroscopic coefficient) and 
response of vegetation. 

The spring of 1933 brought with it deficient rain- 
fall, high temperatures and hot winds. By the end 
of May, nearly all available surface soil moisture 
was used by growing plants (Fig. 2). Comparative- 
ly little available soil moisture was present during 
the remainder of the growing season. This was 
only the beginning of drought for more was in store 
for the struggling vegetation. Summer rainfall in 
1934 (12.87 in.) was less than half the amount in 
1932 (Table 1). Temperatures were much higher 
than normal during May, June, July and August. 
Hot with relative humidity prevailed 
through most of the summer. Effect of these adverse 


winds low 


1- 1927-'32 4-1933-'39 


3 NORMAL 


2-1940-'5! S- 1952-'S8 


Fig. 1. 
through wet eyeles (1) and 
(5). (1) 1927-1932, (2) 
average (or normal), (4) 1933-1939, (5) 
Usually (except 1933-1939 eyele) average 
all periods was approximately the 
Sept. average and below 
was most May to August 
used for growth of plants is greatest. 


Average monthly rainfall at Hays, Kansas 
(2), and dry eyeles (4 
1940-1951, (3) Mean 
1952-1955. 
rainfall for 
same for April 
average rainfall 
when amount 


and 


and Above 


common for 
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TABLE 1. 


Inches of precipitation (P) and deviation from normal 
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(D) at Hays, Kansas for representative wet 


and dry summers. 


APRIL JUNE 


Year 


1932 (wet). . 2.¢ -O1 
1933 (dry). 2. 17 
1934 (dry). ‘ oe .94 
1939 (dry)... 65 64 
1942 (wet).......| 4.74) +2.45 
1946 (dry)....... -18) 6.47, +2.96 
1951 (wet). tee .26 3.78 
1955 (drv).. 


‘80 2.48 —1.03 


il he 


SEPTEMBER TOTAL - SIX 


129) 2.19) 5.14, +2.85 
.20| 2.73| — .27| 2.03] — .26 
.78| 2.78 .22| 2.48) + .19) 
2.13) 3.5: .39| .42) —1.85 
.27| 2.8 26, .94| —1.33 
.69| 1.7: .35| 4.92) +2.65 
.82| 3.16 .08| 5.71) +3.44 
72) 2.57 +5.36 


) 
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available soil moisture for each 
month from May to Sept. (M-S), of years in dry 
and wet eyeles on moderately grazed short- 
grass upland at Hays, Kansas. 


Fig. 2. Pereent 


native 


climate conditions on vegetation was most devastating. 

But even more drought was to come for prairie 
plants. Deficient precipitation with all its “partners 
in crime” (low relative humidity, high temperature, 
high wind velocity and dust storms) continued for 
The season of 1939 was the driest of 
all for the 7-year drought. Accumulated effect up- 
on vegetation was profound indeed. Total precipita- 
tion was normal in 1940 but soil was so terribly 
dry that destruction of prairie plants continued un- 
til late summer. 

The spring of 1941 finally came and with it in- 
creased rainfall. It was a new day for every living 
thing, for the drought was broken. Above average 
rainfall continued for 2 years, the last of which 1s 
given in table 1. Total seasonal rainfall for 1942 
was 23.42 in. The greatest amount occurred in April, 
May and June. During this time abundant mois- 
ture was stored in the soil and, even with decreased 
rainfall during late season, available soil moisture 
was always present (Fig. 2). 

Good to average growing conditions were main- 
tained throughout the 1940’s except during 1943 and 
1946. The wet cycle ended with the floods of 1951. 
Total seasonal rainfall in this wet year was 37.45 


5 more years. 


in.—over three that of 1939. Temperature 
responded in the usual manner for wet years and 
was considerably below that of dry periods. Avail- 
able soil moisture was high during nearly the entire 
season. 

The spring of 1952 was quite the opposite of 
the previous year. Day after day passed with no 
more than seattered showers. Moisture for growth 
of plants was quickly depleted and, consequently by 
mid-season, signs of drought were reappearing. Con- 
ditions unfavorable to plant growth prevailed for 
the 4 years 1952-1955. Typical of this period was 
the summer rainfall of 1955 (Table 1). Total for 
the season was only 19.42 in.—7.63 in. of which 
came in late September after it was too late to be 
of much value to the fully dormant prairie grasses. 
This report is being written after 4 vears of con- 
tinuous drought. How much longer it will continue 
and what the effect will be upon vegetation remain 
to be seen. 

Presumably native vegetation 
conditions similar to these and it is also safe to as- 
sume that native plants will continue to dominate 
the prairies if not continuously overgrazed by live- 
stock or buried too deeply by soil blown from culti- 
vated fields. Therefore, if our native vegetation is 
completely destroyed man should be held account- 


developed under 


able. 

The prineiple of increase and decrease of vegeta- 
tion during wet and dry cycles may be illustrated by 
reference to data on density and composition of 
dominant prairie plants at Hays, Kansas from 1932 
to 1955. To simplify the presentation, data on 
upland and hillside grasses will be given for most 
significant years during this 24-year period. 

Uplands in the Great Plains are generally oc- 
cupied by two codominants, blue grama (Bouteloua 
gracilis)* and buffalo grass (Buchloe dactyloides) 
(Albertson 1937). Plant cover and composition were 
determined by charting numerous permanent meter 
quadrats in various locations in west-central and 
southwest Kansas. These quadrats were selected 


* Scientific names of grasses agree with those found in the 
2nd ed. of ‘Manual of Grasses of the United States” by 
A. S. Hitchock (rev. by Agnes Chase 1950). Those of other 
plants are from ‘New Britton and Brown Illustrated Flora 
of the Northeastern United States, and Adjacent Canada” by H. 
A. Gleason, 1952. 
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as representative of shortgrass uplands and of hill- 
sides dominated by midgrasses. The areas at Hays 
were grazed lightly until 1932 after which they were 
ungrazed. 

Cover on upland short grasses was 85.8% in 
1932 (Fig. 3). Amounts of each of the co-dominants 
were about equal in 1932 when the wet cycle ended. 









































Fig. 3. Basal cover and composition on nongrazed 
upland shortgrass in a typical meter quadrat at Hays, 
Kansas for representative wet and dry years. Cover 
of blue grama (small dots) and buffalo grass (large 
dots) was not separated until after 1932. Open cover 
(bare) was greatest during 1940 and 1955. 


At the close of the dry cycle (1940), cover had 
dropped to 20.9% with amount of blue grama nearly 
double that of buffalo grass. It should be noted 
that each species grew in small tufts scattered fairly 
evenly over the entire quadrats. 

In 1943, after 3 years of conditions favorable 
for growth, cover (but not composition) had been 
fully re-established through secondary succession. In 
fact the absence of mulch at the close of drought 
allowed the grasses to occupy nearly all (97.8%) 
of the space. Much of the increase in cover was 
due to growth of the stoloniferous buffalo grass. 
Some of the tufts of blue grama had enlarged con- 
siderably but others had been crowded out by buffalo 
grass. In 1945, total cover was nearly the same 
as in 1943 but growth of blue grama was slowly 
adding to its share of the space occupied by grasses. 

By 1951, recovery was apparently nearly com- 
plete. Accumulated mulch had caused a decrease 
in density to 86.8% —only 1% more than in 1932. 
Blue grama had extended its cover to 51.9 and buffalo 
grass had decreased to 34.5%. Relative abundance 
of the two dominant species varied sufficiently from 
one location to another to account for the average 
of nearly equal abundance over the entire area. 

With decreased rainfall from 1952 to 1955, cover 
dropped to 39.6%. Greatest loss (as in 1940) oe- 
eurred in buffalo grass which now oceupied only 
8.2% of the area in comparison to 30.6% for blue 
grama. The showy red three-awn (Aristida longiseta) 
first appeared in the quadrats in 1951. There were 
also small amounts of big and little bluestems 
(Andropogon gerardi) and (A. scoparius). 
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On hillsides where limestone was near the sur- 
face, density in 1932 was 40.4% with little blue- 
stem forming most of the cover (Fig. 4). Big blue- 
stem occurred in small amounts. As drought pro- 
gressed, total density decreased some but the most 
significant change was in almost complete destruc- 
tion of the two bluestems and steady and significant 
gains in the more xeric blue grama and side-oats 
grama (Bouteloua curtipendula). Cover of 29.2% 
in 1938 was due largely to invasion by these two 
gramas. As drought continued, however, side-oats 
grama suffered greatly and at close of the dry cycle 
total cover was only 8.2% of which blue grama 
formed over 80%. With exception of blue grama 
all grasses occurred in very small tufts. 
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Fic. 4. Cover and composition of grasses in a meter 
quadrat on a nongrazed hillside at Hays, Kansas for 
certain wet and dry years from 1932 to 1955. Little 
bluestem (horizontal lines) formed most of cover sn 
1932. Big bluestem (perpendicular lines) was present. 
During early drought, side-oats grama (black) made 
large gains, then decreased with more intense drought. 
Blue grama (small dots) invaded the quadrat and 
gained steadily until 1943 after which it decreased. 
Switeh grass (xx) was first found in 1938 and was 
in greatest abundance in 1955. 


As drought closed in 1940, recovery of vegeta- 
tion was initiated. In 1943, after 3 years of favor- 
able growing conditions, total cover had increased 
to 46.2%. Gains were due mostly to increases in blue 
grama and side-oats grama. However, the two 
bluestems that existed as mere traces in 1940 were 
now well established. When the cycle closed in 1951, 
cover, due largely to accumulated mulch on the soil 
surface had been reduced to only 14.4%. Blue 
grama was nearly crowded out by mulch and shad- 
ing from taller grasses. Side-oats grama also gave 
way to increases in the two bluestems. 

By 1955, 4 years of drought had again thrown 
the balance of competition in favor of the xeric 
grasses, therefore, side-oats grama had increased from 
a cover of 1.3% in 1951, to 12% in 1955. Blue 
grama, though growing in small amounts, had 
doubled in cover. In contrast to their almost com- 
plete destruction early in the 1930’s the bluestems 
continued to gain, possibly due to the fact that 
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Fie. 5. 
only 1% cover after 7 
blue grama and buffalo grass. 
J. E. Weaver. 
grass, 6-20 ft. across, had grown from some small 
sand dropseed and red three-awn. 


a loss of 52%. 


drought of 1952-1955 was less intense than was the 


earlier dry cycle. 

In many locations in southwest Kansas, vegeta- 
tion was more severely damaged by drought and dust 
in the 1930’s than at Hays. Many prairies had lost 
original plants except in 
locations. To make conditions even 
the top soil was often deposited 
To describe more 


every vestige of some 


favored more 
severe, much of 
in large drifts over the prairies. 
clearly how loss of plants through dry cycles was 
followed by secondary succession through wet periods, 
data are given on a meter quadrat, typical of con- 
ditions where drought had struck most severely. In 
1937—after 5 years of continuous drought—total 
cover, largely sand dropseed (Sporobolus cryptan- 
drus) was 17.3% on this typical meter quadrat. 
When the dry period closed in 1940, total cover 
was only 2.7%. Blue grama was completely de- 
stroved and buffalo grass occurred only as 4 tiny 
plants. Sand dropseed remained in numerous badly 
wilted tufts of tillers. Behavior of plants in this 
small area was representative of vast areas in south- 
west Kansas and elsewhere in the Great Plains near 
what was designated as the “dust bowl.” 

In 1942, after 2 years of favorable weather, total 
cover had increased to 30%. Sand dropseed and 
buffalo grass had both increased more than tenfold. 
The former species made its increase by enlarge- 
ment of numerous small tufts, whereas, buffalo grass 
depended largely upon stolon growth. In 1944, 
cover of sand dropseed decreased slightly. Some 
plants had died while others had consolidated in 


large areas of solid cover. 
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Drought and the prairies of northwestern Oklahoma. 
years of continuous drought during the 
Russian thistles overtopped the grasses in August, 1939. 
(Right) Condition (August, 1955) in same locality as one on left. 
tufts present in 1939. 
During past 4 years predrought cover of 43¢6¢ had been reduced to 20 with 
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s prairie near Boise City had 
Many dead crowns remained of 
Photograph by 
‘*Tslands’’ of buffalo 
Open spaces were occupied by 


(Lef 


1930s. 


Significant changes occurred between 1944 and 
1951. Buffalo grass continued to advance from one 
side of the quadrat and in, 1951, formed a nearly 
solid cover over more than 60% of the area. Total 
density was 72.2%. Sand dropseed followed the 
usual pattern as it disappeared in the area occupied 
by _ buffalo Tumblegrass (Schedonnardus 
paniculatus), squirreltail (Sitanion hystrix) and red 
Drought 

Buffalo 
1951 but 
per cent density decreased due to open cover. Sand 
dropseed decreased from 6% in 1951 to 1.3 in 1955, 
Red three-awn increased to 1.3% while tumblegrass 
and squirreltail disappeared. 


grass. 


three-awn had reappeared in small amounts. 
of 1952-1955 reduced the cover to 33.3%. 


grass occupied fully as much area as in 


VARIATIONS IN INTENSITY OF DROUGHT 

Drought eyeles that come from time to time do 
not always strike at the same intensity throughout 
the area of moisture deficiency. For example, in 
the Panhandle of Oklahoma damage due to drought 
and dust was more severe during the dry period of 
1933-1939 than during the one from 1952-1955. 
Near Boise City many ranges were similar to the 
one shown for 1939 in Fig. 5. Here cover of grasses 
was only 1%. Russian thistle (Salsola kali) and 
other annual weeds were common. In 1955, prairies 
in the same community were similar to the one shown 
in Fig. 5. Cover 20%. “Islands” of 
buffalo grass, many feet across, oceupied much of 
the area. Between these “Islands” was an open stand 
of sand dropseed, red three-awn and blue grama. 
Loss due to drought of 1952-1955 was 52%. 


Was over 
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Fa. 6. 
of 


Effects of dry and wet cycles on 


cover 20% of blue grama and buffalo grass in 


fall, short grasses had made big gains and by August, 


spaces were occupied by tumblegrass (Schedonnardus 
reduced the predrought cover of 60% to only 14%. 
few tufts of short grasses. August, 1955. 
Conditions in southwestern Kansas were not great- 
ly different from those in Oklahoma. At Ness City, 
for example, cover in May, 1939 was 6%. Stolons of 
buffalo 4-8 in. in length were rapidly re- 
claiming the bare soil. However, 
was lost later the same summer, 
uniformly occupied with a 45% 
Blue grama heads were abundant on flower stalks 
12-20 in. Also numerous staminate heads of 
buffalo and bunches of three-awn were 
scattered throughout; other grasses were side-oats 
grama and big bluestem in shallow depressions. 
Forbs were fairly common. Most abundant were 
Sphaeralcea coccinea, Cirsium ochrocentrum, Hap- 
Rati- 


grass 
all spring growth 
In 1955, soil was 
cover of grasses. 
high. 


grass, red 


lopappus spinulosus, Psoralea tenuiflora and 
bida columnifera. 

In east-central Colorado, effects of drought were 
not as severe in August, 1940 as they were in 1955. 
Prairies near Stratton, for example, were mostly 
similar to that illustrated in Fig. 6. In 1940, cover 

nearly 20%. Recovery after drought was 
rapid and, in 1942, much of the soil was protected by 
short and tumblegrass. Drought from 1952 
to 1955 was extreme and density was reduced to 
14%. 

Prairies near Limon, Colorado also had suffered 
greater losses in 1955 than occurred in 1940. Here 
the cover in 1940 on many pastures (as at Stratton) 
was approximately 20%. Forbs and 
grasses—mostly blue grama—were extremely short. 
When the rains came growth was rapid and by 1942 


grasses 


were scarce 


the original cover was largely restored by vigorous 
Studies in the same community 
in 1955 revealed an alarming loss of grasses due to 


growth of grasses. 


drought and overgrazing. Crowns of blue grama 


a short grass 
August, 1940. 
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near Stratton, Colorado. (Left) Open 
(Center) During 2 years of good rain- 
1942 they formed a fairly solid cover. Open 
paniculatus). (Right) Drought of 1952-1955 had 
Dead half-grown RKussion Thistles overtopped the 


range 


sometimes 2 ft. across, were completely dead, or, with 
only a row of live tillers on the margins of the 
crowns. 

In general, losses in southwest Kansas, southeast 
Colorado and northwest Oklahoma were greater in the 
1933-1939 drought than found in 1955. The 
reverse, however, occurred in east-central Colorado. 

In 1940, some of the best prairies found near 
Hugo, Colorado were terraced to prevent excessive 
Growth of grasses in 


was 


runoff from dashing showers. 
and near the terraces was significantly better than 
away from them. Futhermore, the grasses even 
away from the terraces, were in much better condi- 
In 1955, 


vigorous 


tion than in nearby unterraced pastures. 
grasses in the pasture most 
in the terraces and spillways and, as in 1940, were 
less by drought than between terraces. 
Also, 1940, these improved pastures were 
in much better condition than those unterraced. 


same were 
damaged 
as in 


FORAGE YIELDS OF DRY AND WET YEARS 

One of the first effects of drought is decreased 
growth. Yield of grasses, therefore, is decreased im- 
mediately by drought. Production of 
grasses on uplands has been measured at Hays, 
Kansas since 1939. Total vield of grasses in 1939 
with summer rainfall of 12.35 in. was only 438 
lb/A (Table 2). At this time, cover of the two 
short grasses had been reduced to less than 30% 
which was partly responsible for the extremely low 


oncoming 


yield. However, production of annual weeds was 
fairly high. 

In 1942, summer rainfall 23.42 in., 
had increased to 64% and yield of grasses was 2,559 
Ib/A. The summer of 1946 was noted for extreme 


was cover 
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TABLE 2. Inches of summer rainfall, percent basal 
cover, and yield of grasses in pounds per acre on a 
moderately grazed upland at Hays, Kansas for repre- 
sentative dry and wet years. 





1955 
(dry) 


1951 
(wet) 


1946 
(dry) 


1939 | 1942 
(dry) | (wet) 


Rainfall 

(Apr. - Sept.)... 
Co cover 
Pounds/acre....... 


19.48 
44.6 
1605.2 


37.45} 
95.0 
2951.1 


17.38] 
66.0 
1187.6 


.| 12.35) 23.42 
28.0} 64.0 
438.0) 2559.0 





drought during June, July and August. Consequently, 
even with fairly high density (66%), the yield 
was only 1,187 lb/A. The growing season of 1951 
was unusually wet with nearly double normal rain- 
fall. Cover had increased to 95%, and yield was 
nearly 3,000 lb/A. 

Total rainfall during the summer of 1955 is a bit 
misleading due to the extremely low amount from 
May to August when grasses normally are making 
their best growth. Rainfall during September was 
7.63 in. but it came too late to be of much value to 
the drought-stricken grasses. Cover had begun to 
break and was now only 44.8%. Yield during this 
extremely dry season was only 1,605 lb/A. 

The carrying capacity of grasslands in the Great 
Plains varies greatly from year to year, therefore, 
good management involves fluctuations in stocking 
rates to coincide with variations in yields of grasses. 
Unfortunately many ranges are overstocked even 
during wet cycles, therefore, when drought strikes 
conditions become tragic. 

Response of vegetation to alternate wet and dry 
cycles as given for the foregoing specific locations 
is typical of what has occurred over vast areas of 
grassland in central Great Plains. 


DROUGHT STUDIES IN 1955 

Studies in east-central and northeastern Colorado 
during August, 1954 revealed an alarming drought 
loss of native prairie vegetation. It seemed advis- 
able, therefore, to make a quantitative study of this 
disastrous situation during the summer of 1955. The 
area studied extended over much of central and west- 
ern Kansas, less extensively in southwestern Nebraska 
and southeastern Wyoming, much of eastern Colora- 
do, and some in the panhandle of Texas and northern 
Oklahoma. 

The area of recent deficient rainfall in the Great 
Plains extended far beyond the limits of this study. 
Allred (1954) deseribes the drought on southwestern 
ranges that began earlier than on the central Great 
Plains and had lasted 7 years or longer. Weather 
was so dry at Uvalde, Texas that live oaks over 
300 yrs. old had died for lack of water. Greatest 
loss of grass oceurred on overgrazed areas. For- 
tunately, enough good grass remained to restore 
the range if safe grazing were followed. 

Grasslands northwestward from Kansas_ into 
Wyoming and Montana had suffered also according 
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to unofficial reports; likewise those of the Dakotas. 
through central Nebraska 
indicated that drought severe and that over- 
grazed pastures had suffered greatly. It was hoped 
that presenting data on response of prairie vegeta- 
tion to cycles in climate might serve as a_back- 
ground to the study of drought made during the 


1955. 


Reconnaissance surveys 


was 


summer ot 


MerTHOD OF STUDY 

In this survey, 175 different locations were visited. 
Over 5000 square-foot measurements were made on 
heavily grazed, moderately grazed and, where possible, 
on nongrazed prairies. Numerous notes and photo- 
graphs were taken. Over 6,000 mi. were traveled. 

When square-foot areas were studied, predrought 
density was calculated by estimating percentage pre- 
drought cover (live growth plus dead crowns), and 
percentage live cover. These two estimates, recorded 
separately made it possible to determine percentage 
decrease in density. This decrease was presumed to be 
due to drought although in some cases, particularly in 
ungrazed areas, it was due, in part, to accumulated 
mulch. Percentage composition of each species of 
grass was recorded in other columns. Species of forbs 
that were found in each square foot were also listed. 

Reconnaissance surveys were made in each loca- 
tion and notes were taken on such points of value 
as intensity of grazing, state of health such as vigor 
of plants, and species of grass and forbs found; 
also state of dormancy. An attempt was made to 
secure photographs that would show general appear- 
ance of each range, also a close-up photograph of 
live tillers and dead crowns. 


RESULTS IN Kansas 
Heavily grazed pastures in northwestern Kansas 
had an average predrought cover of 64.3% and a 


live cover of only 8%. This gave a drought loss 


TABLE 3. Average predrought cover (1), live cover 
(2), and pereent loss (3), on heavily grazed, moderately 
grazed and nongrazed grasslands of Kansas. 





Section of Kansas Heavily grazed | Moderately grazed Nongrazed 


(3)| (1) (2) 
63./62.2 19.6 
48./45.3 36.6 


(1) 4 (3)}(1) ~~) 
Northwest... . . (64.3 3. 86./58.7 21.8 
West-central. 59.8 22.6 63./50.1 26.1 
Southwest st 58.2 24. 60.'55.6 32.1 25.5 
South-central.......|55.1 7.8 68.|58.2 37.9 | 28.3 
Central. ... 50.5 26. 48./43.1 26.5 . /33. 23.6 
North-central......./64.9 38.9 41./55.9 44.6 37.3 





of 86.0% (Table 3). The moderately grazed ranges 
with a predrought cover of 58.7% and a live cover 
of 21.8% had 63% loss, while the nongrazed areas with 
predrought and live covers of 62.2% and 19.6%, re- 
spectivly, had a 69% loss. It should be noted that 
losses of 86, 63 and 69%, respectively, on heavily, 
moderately and nongrazed areas were unusually high 
in comparison to losses on other locations. The un- 
usually high losses on the better managed areas were 
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due to the intense nature of drought during the pre- 
ceding 4 years (Fig. 7). It is, significant indeed, that 
average summer rainfall from 1952 to 1955 at St. 
Francis, Kansas was far below average. In fact, 
it was scarely more than half normal for June, 
July, August and September. Ranchers reported 
that months passed with nothing more than scattered 
showers. The dormant tufts of live grasses were 
often less than 1 in. in height. The bare ranges, 
due to deficient rainfall and erazing and 
trampling, had an excessive amount of runoff from 


heavy 


SYRACUSE 


ST FRANCIS NESS CITY 
J J J J 





























Fic. 7. Summer rainfall at 6 stations in Kansas rep- 
resentative of amount received in sections where 
drought studies were made. Normal (solid line) is 
given for each month from April to Sept. (A-S). Aver- 
age for 1952-1955 (broken lines) is given to 
show summer drought was most intense. 


also 
when 
showers. Therefore, drought was 
the barrenness of these 


ceasional dashing 
made even more severe by 
over-utilized ranges. 

As drought progressed and dust from cultivated 
fields lodged in the dead of grasses, the 
prairies became populated with myriads of annual 
weeds. Near the Kansas-Colorado line west of St. 
Francis the three range conditions were studied. 

The heavily grazed range had than 2% 
cover of live grasses. Scattered among and over- 
topping the dead crowns of grasses was an open 
stand of dead, half-grown Russian thistle, Cheno- 
podium album and other weeds. This org 
was typical of thousands of acres of grassland 1 
northwest Kansas and westward into Colorado. 

Less heavily grazed ranges in this area were 
badly damaged although they fared somewhat better 
than those most heavily utilized; but even here dam- 
age was great. Grasses were all dormant, but in 
favored areas the vegetation still alive. On 
slopes and especially south exposures, nearly all the 
grasses were dead. Even many of the more deeply 
rooted forbs were badly wilted. 

It was most heartening to find a nongrazed area 
of grassland somewhat lower in elevation and less 
case to hot winds than on the other areas, for 
here much of the grass was alive and some of it 


crowns 


less 


was 
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remained slightly green. Blue heads were 
rattered throughout the area. 

Grasses found on the heavily and 
zrazed areas were nearly all buffalo grass and small 
amounts of blue grama. On the former, plants of 
sand dropseed were found but they were dead or 
nearly so. On this nongrazed prairie, however, the 
in addition to blue grama (in head) and 
buffalo grass, were the three-awns and side-oats grama. 

Near a snow fence running across one end of the 
dense stand of 
Here, were 
Psoralea 


grama 


moderately 


grasses, 


less heavily grazed pasture was a 
dormant and slightly green 
forbs 
punctata, 


also, 


tenuiflora, 


grass. 
such as 
Haplopappus 


many 
Liatris 
Gutierrezia sarothrae. 

Effect of intensity of grazing and drought upon 
composition of grass cover in northwestern Kansas 
table 4. On the nongrazed area nearly 
80% was blue Buffalo grass comprised 
only 3.2%, whereas, the midgrass, side-oats grama 
furnished 8.7% of the cover. Also minor species such 
as western wheatgrass, squirreltail and the grass-like 
filifolia accounted for another 7.6% of the 
cover. With increased grazing the midgrass de- 
creasers disappeared completely, while sand dropseed 
—a mere remnant in the nongrazed area—increased 
to more than 11% on the heavily grazed area. 


green 


spinulosus and 


is shown in 
grama. 


Carex 


TABLE 4. Percent predrought cover, live cover, drought 
loss, and percent composition of grasses on heavily 
grazed (HG), moderately (MG), and nongrazed (NG) 
ranges. 





WEST-CENTRAL 
Kansas 


NORTHWEST 
_ Kans 


Section | SOUTH-CENTRAL 


ANSAS 
Sharon Springs |Ro- Cold- 
zel wate r 


Station St. Francis 


Grazing rate Light 
HG | HG | N :|MG/N HG | HG | MG 


Predbeught cover 60.2) 64. ‘ | 63.2! 60.0) 52.0 
Live cover 1.4) 7.5) 21. .7{ 19.3] 27.4) 27.4] 6.0) 25.5 
Drought loss 97.7| 88.4) 62.¢ mj ‘i -9| 56.0) 90.0) 50.9 
°% composition . . 
Buffalo grass 3.3) 32.6 
Blue grama. 85.5) 64. 
Sand dropseed. . 1.8) 2. 
Side-oats grama 
Three-awns. 
Minor species 


34.2) 74.6) 14. 
58.5/ 21.0) 15. 
4.0) 4.2 


20-1 WD we 0 


2.5 4.3 


*Little bluestem, western wheat grass, hairy grama, windmill grass, thread- 
leaved sedge, squirreltail, big bluestem and silver beard grass. 

Still other comparisons are of interest. For ex- 
ample, blue grama being more drought resistant 
than buffalo grass, suffered less from deficient mois- 
ture than did its co-dominant. It comprised 85.5% 
of the small cover in comparision to only 3.3% for 
buffalo Under lighter grazing where live 
cover was 7.5%, buffalo grass was better able to with- 
stand both drought and use by livestock. 

Farther east and south in this section of the state 
drought damage was less than westward. Near Good- 
several areas were sampled. Loss 
due to drought was approximately 


grass. 


land, Kansas 
of vegetation 
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50°. Small dormant tufts of blue grama and buffalo 
grass were evenly scattered over the area ready for 
quick recovery with return to normal rainfall. Ali 
vegetation was closely grazed. 

In west-central Kansas, damage by dust was 
greater than northward, but death of grass because 
of deficient soil moisture, was considerably less. 
This better condition of vegetation was due largely to 
higher rainfall during summer months. Conditions 
at Ness City are presented as typical of west-central 
While average amount of 
for the entire 


season (except April) there was sufficient 


(Fig. 7). rain- 


1952-1955 was below normal 


Kansas 
fall 


growing 


for 


to prevent tragie losses as oceurred north- 
Average predrought cover on the heavily 


moisture 
ward. 
grazed prairies examined in this area was 59.8% 
and the live cover on the moderately grazed locations 
The live cover was 26.1 and drought 
The nongrazed areas with a good 
muleh had 45.3% cover before drought 
The live cover was 36.6% giving an average 
Thus losses of 53, 48 and 20% 
occurred on heavily, moderately and nongrazed areas 


averaged 50.1. 
loss was 48. 
layer of 
struck. 

loss of only 20%. 
KXansas. 


in this seetion of 


Heavily grazed ranges in extreme west-central 
Kansas near Sharon Springs, extended for miles in 
the state. Much of the ground was 


infrequently slight depressions were 


this section of 
bare but not 
clothed with a fairly solid cover of live buffalo grass 
with a few scattered tufts of blue grama. Elsewhere 
all grasses were dormant or dead. These old crowns 
extended an inch or more above the soil due to sur- 
face erosion. 

The moderately grazed areas were occupied by 
numerous small tufts of short grasses. Here again 
the favored spots maintained a good cover of mostly 
buffalo 
tion 
condition of vegetation along a wide nongrazed right- 
Here the cover (27.49%) mostly blue grama, 
grew in fairly large bunches. Often centers of 
the crowns were dead but loss (15%) was relatively 


Tillers of grass were commonly green and 


Dust covered prairies in this loca- 
Most striking was that good 


grass. 
were common, 


ot-way. 


small. 
from 3-6 in. tall. 
conditions were somewhat improved. 

As shown in table 4, grass cover on the nongrazed 


Eastward, as in northwest Kansas, 


area was over 91% blue grama and over 8% sand 


dropseed. The latter species occurred mostly in 
disturbed areas where invasion was comparatively 
easy. No buffalo grass was found and only a trace 
of the three-awns was seen. 

Buffalo grass increased with grazing rate and 
comprised 27.1 and 55.7%, respectively, with mod- 

Conversely, blue grama de- 
intensity to only 36.8% where 
intense. Western wheatgrass 
occurred sparsely in disturbed 


erate and heavy use. 
creased with grazing 
utilization was most 
(A propyron 8 mithii) 
areas on the heavily grazed pasture, and side-oats 
grama appeared in some depressions on the area 


moderately used. 
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In southwest Kansas, the heart of the “dust bowl” 
in the 1930's dust loss that 1955, was 
more extensive than elsewhere in the state. Drought 
loss, however, was not greatly different from what 
rain- 


was found in 


Kansas. Summer 


sufficient to 


in west-central 

fall, especially in August, 
tain a fairly good cover even though growth was 
Rainfall at Syracuse is used as 


occurred 
was main- 
greatly diminished. 
typical of the extreme southwest part of the state 
(Fig. 7). 

Predrought cover on heavily grazed areas aver- 
and live cover 24.4 (Table 3). The loss 
When more lightly grazed, the original 
percentage with 32.19% remaining 
Thus the percentage loss was only 43. Satis- 
Pre- 
drought and live covers for those found were, re- 


25.5%. 


aged 58.2% 
was 60%. 
cover was 55.6, 
alive. 
factory nongrazed areas were difficult to find. 
spectively, 36.6 and Loss averaged 31%. 
Prairies eastward in Kansas near Cimarron were 
significantly better than those in southwest part of 
the state. Here vegetation on the heavily grazed 
pastures was short except the unpalatable plants such 


as prickly pear cactus (Opuntia macrorrhiza) ana 


The usual patchy pattern of 
mostly buffalo grass in very 


Cirsium ochrocentrum. 
nearly solid cover of 
shallow and bunchy cover on 
slightly raised places was common. Buffalo 
composed 66° of the grasses, sand dropseed 31 and 


depressions, open 


OTAaS 
erass 


Grasses were green in places 
Staminate heads of buffalo 


blue grama only 1%. 
and dormant elsewhere. 
grass were present but fairly searce. 

Across the road from the heavily grazed pasture 
was a large area that had been more lightly utilized. 
Here the grasses were taller and less dormant than 
and_ buffalo 

Staminate 


on the overgrazed area. Blue grama 
grass each comprised 44° of the cover. 
and pistillate flowers of buffalo grasses were dense. 
Other species of grass such as red three-awn, sand 
dropseed, and western wheat-grass were present 
though not abundant. 
mon. Those most abundant were a sage 


carruthii), Psoralea, Sphaeraleea and Cirsium. 


Forbs were also very com- 


(Artemisia 


The nongrazed area showed signs of more dusting 
during past vears than on other areas studied but 
species of vegetation were more numerous and plants 
either heavily grazed or 
Blue grama made up 
and 10.2%, 


sand dropseed. 


more vigorous than on 
moderately grazed locations. 
66% of the with 23.5 
spectively, for buffalo 
Nearly full grown plants of Psoralea tenuiflora and 


over cover, re- 


grass and 
a sage were present. 

On the heavily grazed locations in south-central 
Kansas, average predrought and live covers of 55.1 
and 17.8%, respectively, gave a drought loss of 68% 
—second highest found in Kansas but not greatly 
different from the amount found in southwest Kansas 
(Table 3). The moderately grazed areas had a slight- 
lv higher predrought cover (58.2) but considerably 
(37.9% } than on those heavily 


The loss, therefore, averaged only 35%. 


more live erowth 


grazed, 
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The nongrazed areas with 39.7 and 28.3%, respective- 
ly, for predrought and live covers had suffered only 
29¢, drought loss. 

In this effects of 
seemed to vary considerably from one location to an- 


section of Kansas, drought 


Therefore, giving the average for all stations 


other. 
would not describe the situation as accurately as 
Rainfall at Coldwater, 


Kansas is given for each month of the growing sea- 
- 


using data for two locations. 


son (Fig. 7). Amount during April and May for 
1952 to 1955 was about average but, thereatter, it 
was scarcely more than half normal. 

Northward from Coldwater losses were less than 
farther south. For example, near Rozel, Kansas 
one of the better closely grazed pastures had a fairly 
even, but growth of the two short 
Cirsium created a soldier-like appearance throughout 
(27.4%) of short however, 

On a rolling prairie near the 


PTrasses. 


open 


the area. Cover elrass, 
was fairly dense. 
Kansas-Oklahoma line south of Coldwater, drought 
loss (90%) was much greater than at Rozel where it 
was only farther southwest, some 
dusting had occurred and there was an open stand 
of dead sunflowers (Helianthus annuus). Also com- 
mon, were drought-stricken plants of Gaillardia 
pulchella, Gutierrezia dracunculoides and Opuntia, 
Much of the ground was bare with a few dormant 


56%. Here, as 


tillers of scattered among dead crowns ot 


grass and dead plants of Plantago purshii and the 


Zrasses 


little composite, Hvax prolifera. 

Not all prairies in this section of Kansas were 
as badly damaged as the ones just described. Near- 
by was a better managed prairie, damaged some by 
dust, but with an open stand (25.5%) of healthy 
grasses and forbs. Drought loss was 50.9%. Soil 
texture was slightly sandy. 

Effects of grazing on composition were evident 
(Table 4). 


on the moderately grazed 


For example, nearly 70% of the grasses 


pasture were side-oats 
Whereas, they were 
This 


short 


erama, and the two bluestems. 
seldom found on the heavily grazed areas. 


greater proportion of midgrasses over the 
grasses is accounted for to some extent by a some- 
what more rolling topography on the moderately 
It was evident, however, that the nearby 


heavily grazed pasture had suffered vast losses and 


grazed area. 


the midgrasses occurred only in favored locations 
such as buffalo wallows and north facing slopes. 
None of the midgrasses, except sand dropseed, ap- 
peared in the square-foot samples. 

In central Kansas, effects of drought were less 
pronounced than on any location previously described. 
Rainfall as given at Geneseo (Fig. 7) was generally 
below average but the amount was adequate to sup- 
port a fairly normal cover of vegetation even though 
growth Greatest average 


predrought cover of 50.5% was found on the heavily 


was greatly restricted. 
grazed areas which also had a percentage live cover 
of 26.4 and, drought 48% 
(Table 3). Where grazing was lighter, loss was 39% 


therefore, a loss of 
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but only 31 on relict areas. The low cover was due, 
in part, to the heavier mixture of midgrasses east- 
ward in the area. 

Near Geneseo, Kansas a heavily utilized prairie 
contained more shortgrass cover than on well-managed 
this Dakota Region. Form- 
ing an upper story to the short grasses was a scattered 


areas in Sandstone 
stand of little and big bluestems, side-oats grame 


and some dropseeds. Cover on this central Kansas 
prairie was over 24% and loss was only 40.9%. 

The 
beautiful. 
but taller grasses such as tall dropseed, big blue- 


well-managed pastures near Geneseo were 


Small amounts of short grasses oecurred 


stem, little bluestem and June grass (Noeleria cris- 
tata), 
common and in full head in early June. 


dominated the area. Bromus japonicus was 
Artemisia 
ludoviciana and Psoralea tenuiflora were the most 
Common was Antennaria campestris 
which before the drought 


of 1930's but now seldom found there. 


abundant forbs. 
Was present westward 

In a nearby relict area, over 60% of the grasses 
were tall dropseed and big bluestem. Other mid- and 
tall grasses were switch grass (Panicum virgatum), 
Indian grass (Sorghastrum nutans), June grass, and 
A few open spaces 
and buffalo 
Most conspicuous a- 


porcupine grass (Stipa spartea). 
were occupied by blue 
Drought 
mong the forbs was a dense stand of lead plant 


grama 


grass. 


loss was negligible. 


(Amo pha canescens). 

At Geneseo, short grasses oceupied only about 
15% of the cover on the nongrazed prairie but over 
16; during had 
fairly Conversely, tall and big 
bluestem comprised over 62% of the 


where grazing past years been 


heavy. dropseed 


cover on the 
nongrazed prairie but decreased to less than 29% 
when heavily grazed. 

Northward from Geneseo near Bennington, even 


more short grasses were than at Geneseo 


present 
and, in places, drought loss was quite severe. In 


an overutilized area, live cover was 31% and per- 


centage drought loss was 51. Blue grama_ and 


buffalo grass comprised approximately 95% of the 
cover. Traces of sand dropseed and the two blue- 
Forbs were fairly abundant. 
Aster 


ericoides, Ambrosia psilostachya, Verbena stricta and 


stems were also found. 


Those most common were Liatris punctata, 


Buphorbia marginata. 
Near 
(frequently 


Bennington was also an 


for hay) where 


little bluestems. 


ungrazed area 
mowed 
@Tasses 


72% of the 
2 There 


also small amounts of Indian grass, tall dropseed, 


were bie and were 
side-oats grama, switch grass and prairie June grass. 
Forbs were numerous. Cover was 28% and drought 
loss was 26%. 

Drought was quite severe in north-central Kansas 
but, as indicated by data at Concordia, near-normal 
rainfall in May and August, 1952 to 1955 relieved 
conditions sufficiently to avoid great losses except in 
(Fie. 7). (64.9% ) 
averaged nearly the same on the heavily erazed areas 


local areas Predrought cover 
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as on similar locations in northwest Kansas. Aver- 
age cover (38.9%), however, was significantly 
greater; consequently, the loss (41%) was less than 
half as great as westward (Table 3). 

Moderately grazed ranges were in much the same 
relative condition as those overgrazed. The pre- 
drought cover was 55.9%, hardly 3% less than in 
northwest Kansas, but the live cover was 44.6%, 
giving a drought loss of only 21%%—just one third 
that in the northwest section of the state. On the 
nongrazed areas, predrought and live covers of 46.4% 
and 37.3%, respectively, resulted in a loss of only 
20%. 

The most badly damaged heavily 
found in this section of the state was near Montrose. 
It was evident that combined overuse, dusting and 
drought had kept this range in a subsere stage for 
several years—perhaps as far back as the 1930's 
(Fig. 8, left). The area was covered with “islands” 
of buffalo grass. Windmill (Chloris verti- 
cillata), tumblegrass and weedy forbs oceupied open 
spaces. Cover was 24% and loss was 53%. In many 
places were drought cracks several inches wide and 
many feet long. 

Near Esbon, a moderately grazed 
tained a good cover of blue grama and buffalo grass 
(Fig. 8, upper right). Flower stalks of both short 
grasses were common but not abundant. Cover was 
56% and loss was only 13%. All were 
dormant. Across the road from the moderately 


grazed pasture 


grass 


range main- 


grasses 


grazed area was a relict prairie with little disturbance 


except by a recent prairie fire. Mid- and tall grasses 
were in control. Short grasses occurred in nearly a 
solid cover on upper slopes, and as an understory to 
taller grasses. Vigorous growth of grasses and forbs 
had occurred by mid August (Fig. 8, lower right). 
Live cover was 33% and loss was 29%. 

The usual pattern of greater abundance of mid- 
grasses on the nongrazed areas was found at Esbon. 
Here side-oats grama, big and little bluestems, tall 
dropseed, western wheatgrass and certain sedges com- 
prised nearly 60% of the cover. Whereas on the 
moderately grazed pasture, side-oats grama, and the 
two bluestems composed only 9.8% of the grasses. 

In east-central Kansas drought losses were rel- 
atively light. On a heavily grazed area near Marion, 
cover, of 67.2% short grasses, was 28%. Average 
loss was 41%. Opuntia and Vernonia baldwini were 
common. On the moderately grazed pasture near 
Americus, over 75% of grasses were big and little 
bluestems and tall dropseed. Drought loss was only 
23.5%. Lead plant was abundant. Cover on the 
nongrazed prairie was over 70% bluestems. Buffalo 
grass was not found. Loss was only 1%. 

Observations on drought damage were made by 
Schumacher (1955) on Southern Flint Hills of 
Kansas. These observations indicated a general loss 
of grasses throughout the area. Greatest damage 
occurred on certain drought sites. Loss was greatest 
where little bluestem and tall dropseed were a part 
of the native grass cover. 
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RESULTS OUTSIDE KANSAS 

Drought studies outside Kansas were conducted 
mainly on the plains of eastern Colorado. However, 
limited data were collected in southwest Nebraska, 
southeast Wyoming, the Texas panhandle, and in 
northwest Oklahoma. 


TABLE 5: Predrought cover (1), present cover (2), 
percent loss (3), on heavily grazed, moderately grazed 
and nongrazed grasslands. 





Section and state Heavily grazed | Moderately grazed Nongrazed 


1 2 3 1 2 3 l 2 


Northeast Colorado & 

Southeast Wyoming... .5| 23.6) 
East-central Colorado : 7.8) 89.0) 45. .3) 78.0) 38.4] 13.0) 6 
Southeast Colorado -8) 10.1) 80.0) 53. 5.6) 69. 36.1) 
Northwest Oklahoma 3. 9.9) 78.0} 34.6 52.0 31.9} 
Texas Panhandle .9| 19.2) 59.0) 59.9) 32.6) 46.0 28.5) 
7.5| 89.0] 59.5) 27.3] 55.0) : 20.4) 


| 
{ 


11.6) 82.0) 59.2) 20.6) 66. 


Southwest Nebraska 


In northeast Colorado and the southeast corner 
of Wyoming, heavily utilized ranges had an average 
predrought cover of 55.7% and 11.6 live cover. This 
gave a drought loss of 82% (Table 5). Nearly all 
dormant and many dead crowns of 
grasses were found. The moderately grazed locations 
had 59.2% predrought cover and 20.6 live growth. 
Loss averaged 66%. On nongrazed areas, the pre- 
drought and live covers were 45.5 and 23.6%, re- 
spectively, and drought loss was only 49%. Thus 
a loss of 82, 66 and 49%, respectively, on heavily, 
moderately and nongrazed grasslands indicates the 


grasses were 


value of moderate use. 

A heavily grazed range south of New Raymer, 
Colorado showed evidence of considerable dusting 
during the past several years. Live cover was 9.7% 
and 73.3%. “Islands” of buffalo grass, 
several feet across, were common. Between the areas 
of buffalo grass were large open spaces occupied by 
a thin stand of sand dropseed, red three-awn and 
tumblegrass. On the moderately grazed ranges near 
Sligo cover was 17%. Loss was 68%. Close observa- 
tion revealed that, although the condition was good, 
much space was bare or occupied by dead crowns 
between the small tufts of live Buffalo 
grass formed 38% blue grama of the 
grasses (Table 6). 

In an abandoned cemetery where grazing had 
been restricted for many years, cover was similar to 
that on the moderately used area except the propor- 
tion of blue grama and buffalo grass, and a small 
amount of needle-and-thread (Stipa comata). On 
the nongrazed area, blue grama made up over 90% 
of the cover. Buffalo grass and needle-and-thread, 
together, comprised 9%. On the nearby heavily 
grazed area, blue grama had been reduced to 2.5%. 
Cover of buffalo grass was 29%. Significantly, sand 
dropseed conprised 57% of the grasses on the heavily 
grazed area. The non grazed area near Carpenter, 
Wyoming had a 21.8% The understory, of 
over 60% of the cover, was composed of blue grama 


loss was 


grasses. 


and 62% 


cover. 
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Fig. 8. Range condition in north-central Kansas. 
‘‘Tsland’’ of buffalo grass (light colored areas) alternated with large open areas (dark) oceupied by 


tumblegrass, windmill grass and blue grama. 
soil. (Upper right) 


was in good condition. (Lower right) 


grama and western wheatgrass comprised the upper story. 


derstory. August 15, 1955. 
and Carex filifolia. The upper story of tall-shiny- 
slender stems of needle-and-thread comprised nearly 
40% of the grasses. Loss was 47.7%. 

Drought losses in east-central Colorado were much 
greater, especially in local areas, than were found 
in the northeast part of the state. Average pre- 


(Upper left) 


(Lower 
Moderately grazed area near Esbon, Kansas. 
Nongrazed prairie near Esbon. 
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Heavily grazed range near Montrose. 


Large drought cracks often oceurred in bare 
Cover of blue grama and buffalo grass 
Big and little bluestems, side-oats 
Blue grama and buffalo grass formed the un- 


left ) 


drought cover obtained was 48.8% but only 7.8 live 
cover. Even more lightly 
grazed ranges suffered greatly. Here a predrought 
cover of 45.1% and a live cover of 10.3 gave a loss 
of 78%. The nongrazed areas suffered nearly the 
same fate with an average loss of 67% (Table 5). 


Average loss was 89%. 
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Percent predrought cover, live cover, drought loss, and composition of heavily grazed (HG), 


(MG), and nongrazed (NG) ranges. 


TABLE 6, percent 


moderately grazed 





Section NORTHEAST CoLORAD? EAST-CENTRAL COLORADO PANHAN- | NORTH 


SouTHEAST WYOMING 


Raymer Sligo Colo. 


Colo. 


Station 


HG NG 


Grazing rate 


Predrought cover......... 36.5 ; 51.0 
Live cover........ : 9.7 ; 21.4 
Per cent loss. . : 58.0 
“, Composition 

Buffalo grass 

Blue grama 

Sand dropseed. 

Three-awns : 

Needle-and-thread 

Threadleaved sedge 

Minor species* 





*Tumble grass and false buffalo zras* (Vi inroe x; 41-r 7). 


Cause for the heavier loss in east-central than 
in northeast Colorado is found when average sum- 
mer rainfall for 1952 to 1955 for the two areas is 
compared (Fig. 9). In northeast Colorado (Akron), 
for example, amount received was above average 
in May and again in August, whereas, in east-central 
Colorado (Stratton) the amount received was far 
below normal for every month except April when 
it was just average. 


STRATTON, COL 
z rl 

















BENKELMAN, NEB BOISE CITY, OKLA 


Carpenter 
Wyoming 

















Fic. 9. Summer rainfall at 6 stations representative 
of the areas studied. Normal (solid line) is given 
for each month April to Sept. (A-S). Averages for 
1952-1955 (broken lines) is also given. 


Thousands of acres of heavily grazed pastures 
in this section of Colorado are similar to those shown 
in upper left of Fig. 10. Drought had been so 
severe that many pastures had been abandoned and 
allowed to become infested with annual weeds such 
as Russian thistles. In this area near Idalia loss was 
97%, and the 2% live cover of nearly 60% buffalo 
grass and 41% blue grama (Table 6) was over- 
topped by a scattered stand of dead Russian thistles 


and other annual weeds. Before taking the close-up 


DLE OKLa-| Texas 


HOMA 


Boise (Stratford 


City 


Siebert 


Idalis 


NG HG NG MG 
61.0 By 57.8 
14.1 i | @a4 


76.8 D2. 56. 


41. 68.7 
4 2.1 
oe 96.4 

: fe 30.0 
56. 41. y 70.0 


37.5 
6.5 


left in Fig. 10) the thistles removed 
to allow for better view of the dead grass crowns 
(4-10 in. across) in this drought-stricken area. Poorly 
Most 


Lygodesmia 


(lower were 


developed, deep-rooted forbs were common. 
abundant 
juncea, Mirabilis linearis and Haploppaus spinulosus. 
moderately grazed area that still 
blue grama 


were Sphaeralcea coccinea, 
Close by was a 

maintained a 17% 
and 20.2% buffalo grass (Upper right in Fig. 10). 
Carex filifolia composed 7.3% of the grassy cover. 


live cover of 72.4% 


Loss was 72.5%. The grasses were all dormant but 
forbs were growing and fairly common. 

At Siebert, Colorado a nongrazed area protected 
by a snow fence was studied. Here the vegetation 
(70% blue grama and 30% buffalo grass) was in 
good condition and only semidormant in a few 
places; elsewhere the plants were growing as shown 
in Fig. 10 (lower right). Across the fence from 
this nongrazed area, grasses were closely grazed and 
dead. A terrific price must be paid 
for the privilege of overgrazing. 

Range in southeast Colorado, like west-central and 
extreme southwest Kansas, had suffered fully as much 
from blowing dust as from drought. 
vegetation was in a mid-subsere stage of develop- 
ment from the disaster of the 1930’s. Predrought 
cover averaged 48.8% on the heavily grazed ranges. 
10.1 with an average loss of 80% 
Loss on the moderately grazed areas 


dormant or 


In some places 


Live cover was 
(Table 5). 
averaged 69% but only 14 on the nongrazed. 
Vegetation on a heavily grazed range south of 
Lamar, Colorado had suffered greatly from severe 
overuse, drought and dust. The grasses were mostly 
buffalo grass, red three-awn and sand dropseed. 
Cover was 14% Dead plants of 
Kochia scoparia, Chenopodium album, and eommon 
sunflower were numerous but small because of severe 
drought in June and July (Fig. 9). The soil was 
badly cracked in the open spaces. Many of the ranges 


and loss was 68%. 
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(Upper left) Heavily grazed pasture near Idalia. Live 
cover of blue grama and buffalo grass was only 2% and drought loss was nearly 97%. (Lower left) De- 
tail of tragie loss in range shown above. (Upper right) Moderately grazed range with live eover of 17 
and loss of 72%. (Lower right) Nongrazed area (near snow fence) at Siebert where blue grama ecom- 
posed 70% of grass cover and remainder was mostly buffalo grass. Cover was 14.1 and loss (due most- 
ly to mulch) was 76.1%. Forbs, like grasses, had nearly normal growth. Across the fence the closely 
grazed grasses suffered an 83% loss. August 2, 1955. 


that bore signs of overuse in past years had been Between the blue grama bunches were small plants 
nongrazed during the season of 1955. of sand dropseed and tumblegrass. Many of the 

The moderately grazed range south of Lamar blue grama bunches were dead in the centers with 
had small “islands” of buffalo grass but open spaces — only a ring of live but dormant tillers on the margins. 
were fully as large as on the overgrazed places. Near Springfield, Colorado an ungrazed_ prairie 
Bunches of blue grama were 8 to 16 in. across. was clothed with a fairly continuous cover of buffalo 
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In places where dust had 
Oceasional- 


grass and blue grama. 
accumulated annual weeds were common. 
ly, good sized areas were being reclaimed by stolons 
of buffalo grass. 

In northwest Oklahoma, average predrought 
cover (43.5) was somewhat less than farther north 
on heavily grazed areas (Table 5). Live cover was 
9.9% and drought loss averaged 78%. Loss on 
moderately grazed locations averaged 52% and on 
those nongrazed only 30%. Conditions were some- 
what better farther south in the Texas Panhandle. 
Here the drought losses were 59, 46 and 41%, re- 
spectively, for the heavily, moderately and non- 
grazed areas. 

Better range management was more in evidence 
in the Texas Panhandle than in some other locations. 
Drought, however, had not been as severe as else- 
where as indicated by the fact that average rainfall 
for 1952 to 1955 at Stratford, Texas was above 
normal for April, May and August. Drought was 
most severe during June, July and September (Fig. 
9). With less severe drought and lighter grazing 
it was natural that ranges would be in better condi- 
tion. 

On a prairie 8 miles northwest of Stratford and 
northward in the Panhandle of Oklahoma, the short 
grasses appeared vigorous and green enough to have 
made some growth by July 1, 1955. Cover was best 
where both short grew in a mixture, On 
slight elevations, however, buffalo grass was absent, 
generally, and cover was more open. Here the 
bunches of blue grama were often 6 to 12 in. across, 
dead in the centers and elevated several inches above 
the surrounding soil. Open spaces in cover in botii 
Texas and Oklahoma were often oceupied by a seat- 
tered stand of red three-awn. 

On the moderately grazed area near Stratford, 
Texas, buffalo grass comprised nearly 66% of the 
cover (Table 6). However, it formed only 32.3% 
of the cover on the moderately grazed and badly 
dusted area near Boise City, Oklahoma. Blue grama, 
likewise, dropped from 15 to 4.1% on the same 
prairies. As would be expected, sand dropseed in- 
creased from 13.2% of composition on a moderately 
used area to nearly 40% on the moderately grazed- 
dusted pasture. Also red three-awn increased from 
1.2% to 22.7% on these two areas. 

Pastures in southwestern Nebraska 
general, badly affected by drought. Nearly all grasses 
were fully dormant and many dead crowns gave 
evidence of much drought loss. Predrought cover 
on the heavily grazed areas averaged 68% (Table 5). 
Live cover was only 7.5% giving a loss of 89%. The 
moderately grazed pastures had a predrought cover 
of 59.5% and a live cover of over 27%. Loss was 
59%. The open cover on the nongrazed 
areas had a loss of 29%. 

Near Haigler drought loss on a heavily grazed 
pasture was nearly 90%. Large areas were com- 
pletely bare except for annual weeds. Dead plants 
of Cryptantha crassisepala were especially abundant. 


grasses 


were, in 
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Vegetation was mostly the two short grasses (96.4% ) 
and small amounts of purple three-awn and thread- 
leaved sedge. Western wheatgrass occupied shallow 
depressions. 

A moderately grazed pasture north of Benkelman 
maintained a cover of 27% and had a loss of only 
54%. Over 95% of the grasses were blue grama 
and buffalo grass. Also there were small amounts 
of red _ three-awn, Carex: 
filifolia. 


western wheatgrass, and 


DROUGHT STUDIES IN 1956 

A survey of grasslands of the Great Plains was 
conducted during the summer of 1956. Estimates 
of drought losses were made on many of the prairies 
studied, 

In general, prairies are arranged in this dis- 
cussion from New Mexico on the south to Wyoming 
and South Dakota on the north. Greatest estimated 
occurred in west central Kansas east 
central Colorado; also in Wyoming near Rock River. 
In these locations the losses were 90% or more. 
with losses of 90% or more 


Some are given in Table 7. 


losses and 


In every location 
the vegetation bore evidence of heavy use in past 
years. 

Moderately grazed areas had a low percentage 
of loss unless deficient rainfall had been excessive. 

It is evident from these data that drought and 
overuse combined are most detrimental to prairie 
vegetation. 


DISCUSSION AND CONCLUSIONS 

It is evident that drought in the Great Plains 
occurs at fairly regular intervals but, at a given 
location, it varies in intensity from one cycle to 
another. Man cannot prevent the coming of dry 
cycles but he can alleviate their destructive effects 
by proper management especially during good times. 
A vigorous, healthy range will suvive drought much 
better than one weakened by continued overuse. 

From the data presented it is obvious that heavily 
grazed grasslands suffered far more from drought 
in 1952-1955 than did those under proper manage- 
ment. Furthermore, the almost complete destruction 
of vegetation on overgrazed rangelands during times 
of drought makes quick recovery impossible during 
wet cycles. For example, it will often require 20 
years or more for secondary succession to reconstruct 
the original range destroyed by 
overgrazing and deficient moisture. Under good man- 
agement, however, original cover has been largely 
restored in 5 years or less following serious drought. 

For many people, it is difficult to fully appreciate 
why overgrazing is so terribly destructive to grass- 
lands especially during drought. Casual observation 
would indicate that many overgrazed areas have a 
nearly solid stand of mostly buffalo grass. The 
cover is good and the grass is one of the best, there- 
fore, the pasture must be in exeellent condition. 

It is necessary, however, to look further for the an- 
swer to this problem. One of the first results of over- 


vegetation on a 
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TABLE 7. 
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Percent drought loss on prairies in various parts of Great Plains. Summer 1956. 





Percent 
loss 


Location 


12 mi. southeast 
Mt. Dora, New Mexico 


12 mi. siinliaeis 
Des Moines, New Mexico 


29 mi. wealth 

Gayton, New Mexico 
35 mi. saath 

Pampa, Texas 
9 mi. east 
Wallace, Kansas 


8 mi. southeast 
La Junta, Colorado 


34 mi. east 
Greeley, Colorado 
7 mi. eons 

Cope, Colorado 

1 mi. contin ast 
Agate, Colorado 


17 mi. seatienst 
Hugo, Colorado 

20 mi. south 
Cheyenne, Wyoming 


30 m mi. northeast 
Scottsbluff, Nebraska 


15 mi. northwest 
Chadron, Nebraska 

21 mi. olin 

Hawk Springs, W yoming 
21 mi. southwest 
Chugwater, W yoming 
28 mi. south 

Torrington, Wy oming 

20 mi. southeast 
Lusk, Wyoming 
36 mi. north 
Rock River, Wyoming 


35 mi. northeast 
Lance Creek, W yyoming 


21 mi. west 
Newcasile, Wyoming 





6 mi. west 

Oglala, South Dakota 
13 mi. east of 

Fairburn, South Dakoi a 
21 mi. south 

Buffalo, South Dakota 


8 mi. east 
Redig, South Dakota 


Major Species 
Blue grama 


Blue grama 
Western wheatgrass 


Blue grama 
Buffalo 


Blue grama 
Buffalo 


Blue grama 
Buffalo 


Blue grama 
Galleta, Ring Muhly 


Blue grama 
Six- weeks fee ue 


Blue grama 
Buffalo 


Blue grama 
Buffalo 


Blue grama 
Galetta 


Buffalo 


Blue grama 
F hread-leav ed sedge 


Blue grama 
Thread- leaved sedge 


Blue grama 


Thread-leaved sedge 


Blue grama 

Thread- leav ed d sedge 
Blue grama 
Needle-and- thread 


Blue grama 


T hread- leaved sedge 


W estern Ww heatarens 


Blue grama 


Blue grama 
Needle-and- ‘thread 


Blue grama 
Needle-and-thread 


Blue grama 

Buffalo 

‘Blue grama 
Western wheatgrass 
Blue grama 
Thread-leaved sedge 


Blue grama 
Thread-leaved sedge 


Degree of 
Utilization 


Heavy 
Moderate 


Moderate 


Fairly heavy 


Heavy 


Moderate 


Heavy 


ny - derate 
Light 
Heavy 
Heavy 
Moderate 
Moderate 
Heavy 
Moderate 
Moderate 
Heavy 
Heavy 
Moderate 
= 
rid 

Heavy 

Heavy 


Heavy 


Remarks 


Nearly dormant 
Growing vigorously 
Green and growing 
Green and growing 
Dormant 

Grass dormant 


Grass dormant 


Growing vigorously 


Grass dormant 


Some new growth = 


Mostly dormant more growth 
next to cactus 


Green and grow ing 


Green and growing 


amen and growing 


Nearly dormant 


Good growth 


N early dormat nt 


Dormant 


Green and growing 


Nearly y dormant 


Nearly dormant 


Green and growing 


Green and growing 


Nearly dormant 
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use is increased density and inereased yield, therefore, 
it is only natural that a pasture in the early stages of 
overgrazing should have a fairly dense cover. This 
increase in density is followed shortly by decreased 
yield which often is difficult to determine without 
special equipment. As overgrazing continues and 
as drought cycles are encountered, other effects be- 
The taller, more mesic grasses are 


come apparent. 
first to disappear; then the more xeric grasses that 
are most susceptible to injury by close grazing. In 
fact, much of this shifting of grasses is done while 
species, least injured by grazing, are making steady 


gains in density. 

Finally the cover begins to break, and surface 
runoff and erosion are increased thus making drought 
Now occur the final stages in 
Most of the original species 
Surface 


more intense. 
range deterioration. 
die or possibly exist only as tiny remnants. 
soil is usually carried away, leaving dead crowns of 
grass on small mounds often several inches _ high. 
Myriads of annual weeds occupy open spaces be- 
tween the dead crowns or small tufts of live grasses. 
When drought becomes extreme, even the half-grown 
annual weeds wither and die. It is now time for the 
farmer to remove his livestock from his overgrazed- 
drought-destroyed grassland to an area where better 
management has been practiced, or if this is im- 
possible, he must dispose of them. 

Why is overgrazing so destructive to grassland 
vegetation? This question is often asked. Per- 
haps it can best be answered, at least in part, 
by considering the physiological effects of continuous 
almost complete removal of tops of grasses. 

All plant foods must be synthesized in the green 
tissue of the plant. If the green tissue is removed 
too closely and too often, the factory in the green 
leat for making carbohydrates, fats and proteins 
must cease to operate or, at least, greatly decrease 
its output of foods. Closing the factory initiates 
a chain reaction that eventually will prove disastrous 
to the plant. 

Much investigation has been done to determine 
effects of top removal on plant production and sur- 
vival. Only a few will be mentioned here. 

Clipping to simulate different intensities of graz- 
ing was conducted over a 5-year. period at Hays, 
Kansas (Albertson et al. 1953). It was found in this 
study that close removal of tops of blue grama and 
buffalo grass at first stimulated excessive elongation 
of tops, but later with food reserves apparently 
depleted, growth was significantly decreased. Total 
yield, therefore, was increased early in the study 
but, thereafter, decline in production was steady 
and after 5 years of close clipping yield was only 
approximately half the ainount produced on the areas 
more lightly clipped. 

Also it was found that root production, like 
top growth, was reduced nearly 50% under close 
removal of tops. These results agree in general 
with those of Graber (1931) working many years 


even 


ago in Wisconsin on Kentucky blue grass (Poa pra- 
tensis). He found that the quantity of tops produced 
varied inversely with frequency of clipping. 

McCarty (1935), reported that plant shoot and 
root growth depended upon carbohydrates for energy 
and building material. Kinsinger (1953), working 
with grasses in western Kansas, found that amount 
of carbohydrates decreased when growth was rapid. 
He also found that, when grasses were heavily clipped 
for 2 years, amount of carbohydrates in crowns, roots 
and rhizomes was reduced over 30% below those 
unclipped. 

The reason why overgrazing is so destructive to 
rangeland seems to lie largely in the degree to which 
the plant factory is closed to operation. Growth of 
tops and roots of prairie vegetation cannot occur 
food reserve which can be used in 
the growing process. If growth of tops on over- 


plants is greatly diminished; if roots are 


unless there is a 


grazed 
reduced in length and quantity; if food reserves 
in crowns are decreased; then it is quite understand- 
able why continued overuse of grasslands becomes 
exceedingly unprofitable to the livestock operator. 
Furthermore, if overgrazed prairie vegetation becomes 
more susceptible to drought damage than grasslands 
under good management, it is natural to assume that, 
where both overgrazing and severe drought have long 
continued, tragic losses will result in yield of prairie 
vegetation and also in production of livestock. 

With all the information on range management 
at hand through research and extension service of 
our colleges and universities, we are little better off, 
it seems, than those who abused the native ranges 
before the Christendom. The prophet 
Jeremiah recognized the disastrous effects of drought 
(and perhaps overuse of rangeland) as evidenced 
by the statement (Jeremiah 14: 5, 6): “Because of 
the ground which is dismayed, since there is no rain 
land, the farmers are ashamed, they cover 
Even the hind in the field forsakes her 
new born calf because there is no grass.” 

The policy of extreme overuse of grasslands during 
wet cycles becomes disastrous, indeed, during drought. 


dawn of 


on the 
their heads. 


Decreased yield due to overgrazing is further re- 
Futhermore, drought is made 
runoff from 
trampled 


duced by dry weather. 
even more severe because of increased 
dashing showers on closely grazed and 
grasslands. Finally the owner is forced to sell his 
livestock on a declining market. Thus, when drought 
ends he has neither grasslands nor livestock and, in 
many cases, no credit with which to restock when 
grasslands have recovered sufficiently from drought 
and overuse to be again utilized. 

Man today needs someone to point the way as 
did Isaiah of old. He needs a voice erying from 
the wilderness to help him fully realize that “All 
flesh is grass” and when the grass fades, withers. 
and disappears from overgrazing and drought, flesh 


must do likewise. 
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SUMMARY 


Life on the Great Plains for both plants and ani- 
mals has been one of adjustment to wet and dry eycles 
in weather. During wet periods vegetation thrives 
and develops to a maximum, but when drought comes, 
the more mesic plants are driven out except in 
favored places. Because of these adjustments, density 
of vegetation is greatly reduced. 

Decrease in density continues until drought is 
again sufficiently moist to 
Then, if 
enough live growth remains, the original cover is 
However, 


broken and the soil is 


support vigorous growth of vegetation. 


quickly restored, if original cover is 
mostly gone, the process of secondary succession is 
ereatly lengthened. 

At Hays, 
over 85% in 1932 was reduced in 8 years of drought 
to only 20.9%. Blue grama suffered considerably 
less than did its codominant buffalo grass and, when 
drought closed, cover of the former species was 
about double that of the latter. 

On hillsides with shallow with 


limestone, little and big bluestems comprised most 


Kansas shortgrass upland cover of 


soil underlaid 


of the grasses in 1932. As drought progressed, how- 
ever, these two dominants gave way to side-oats grama 
Later in drought, even side-oats 
erama suffered greatly. Finally as the dry cycle 
ended in 1940, blue grama formed over 80% of the 


and blue grama. 


very open cover. 

During the wet 1940’s, the bluestems again in- 
creased and comprised over 70% of the grasses in 
1951. Even after 4 years of drought these bluestems, 
in 1955, furnished over 50% of the cover. Side-oats 
grama was also making steady gains. 

Farther southwest in Kansas, losses due to drought 
and dust in the 1930’s were much greater than at 
Hays. In many areas, searcely any grass remained in 
1940 except sand dropseed. With drought broken, 
however, buffalo grass grew rapidly from seed or from 
tiny plants and soon spread over much of the area. 
Lack of rainfall from 1952-1955 caused 50% 
buffalo grass and significant losses in blue grama, 


loss in 


sand dropseed and other grasses. 

Measurement of vields of grasses on moderately 
grazed uplands were begun at Hays in 1939 when 
drought was intense and cover was less than 30%. 
Yield of 1939 was less than 500 lb/A. 
Three years later (1942) with rainfall above aver- 
age and density more than doubled, the yield was 
over 2,500 Ib/A. 

Yield in 1946 was less than half that of 1942 in 
spite of the fact that cover had remained the same. 
This indicates that, during drought, decrease in yield 
precedes a decrease in cover, 

By 1951, cover had increased to 95% and yield 
was nearly 3,000 lb/A. However, by 1955—after 
4 years of drought—both cover and yield had been 
reduced approximately 50%. 

Drought studies were made in the summer of 
1955 on the prairies throughout central and western 


grasses in 


EcoLoGy oF DrouGHT CYCLES AND GRAZING INTENSITY 43 


northwest, 
These studies indicated that 
drought of 1933-1939 and 1952-1955 did not strike 
with the same intensity in every location. For ex- 
1933-1939 


most severe in southwest Kansas and the Panhandles 


Kansas, and outside of Kansas on the 


west, and southwest. 


ample, damage due to drought of was 


of Oklahoma and Texas. In 1955, however, prairies 
throughout this area were in fairly good condition. 
and in eastern 
Colorado, cover in 1940 was significantly better than 
1955. 

In making studies during the summer of 1955, 
different heavily 
grazed, moderately grazed and nongrazed locations in 
central Great Plains. 


Conversely, in northwest Kansas 


oceurred in 


surveys were conducted on 175 
Over 5,000 square-foot measure- 
ments were taken of predrought cover, present live 
cover, and percent composition of various grasses. 
By using pecentage predrought and live covers, it 
was possible to determine percent drought loss. 

loss on heavily 
between 85 90%. 
pastures suffered more than 95% loss where drought 


In northwest Kansas, average 


grazed pastures was and Some 


Losses on 
but, 
varied 


most intense. 


several prairies ranged between 80 and 90° 


and overgrazing were 


where local showers had occurred, damage 


between 70 and 80%. Ranges moderately grazed had 


an average loss of 639; those nongrazed suffered 


nearly 70% loss. 

Heavily utilized areas in southwest Nebraska and 
east-central Colorado suffered than 
Vast this 
the Great Plains had suffered nearly total loss. Large 


more those in 


northwest Kansas. areas in section of 
bunches of blue grama were often dead or with only a 
live tillers around the Buffalo 


grass, especially northward, was often more severely 


row of borders. 
damaged than its codominant. 

Loss on moderately grazed ranges varied from 
only 24% on those terraced to 77% where drought, 
The 


nongrazed prairies suffered losses very similar to 


due to excessive runoff, had been most severe. 


those more lightly used, except on a nongrazed area 
that was protected by a snow fence. Here the loss 
was very light. 

Drought south- 
west Kansas, southeast Colorado, and the Panhandles 
of Oklahoma than northward; 
due to dust severe in 
especially near cultivated fields. 


damage in west-central and in 


and Texas was less 


but loss was some locations 
Loss on the heavily grazed ranges in this south- 
west approximately 80% where 


drought was most severe but usually not over 60% 


region averaged 
where prairies were in fairly good condition. 

The 
loss of about 70% 
20% less in southwest Kansas and in Oklahoma and 
Texas. Loss on the nongrazed 
between 30 and 40%. 


Cirasslands 


moderately grazed areas had an average 


in southeast Colorado but nearly 
prairies averaged 


suffered less 
Greatest 


central Kansas 


drought damage, in general, than westward. 


across 
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damage found was near the south line of the state. 
Here loss on several heavily grazed pastures ran as 
high as 90%; average was 68%. Loss on the moder- 
ately or non used areas was about half that on 


those heavily grazed. 
Northward through central Kansas, average loss 
on overgrazed pastures varied from 41 to 48%, and 


to 39% on those moderately grazed or 


Loss on some areas ran as low as 10%, 


from 21 
nongrazed. 
while on others, to nearly 50%. 

It is obvious that grasslands, weakened by over- 
grazing during wet cycles are extremely sensitive 
to deficient soil moisture when drought strikes. Loss 
on heavily grazed ranges often was nearly double 
that on those moderately grazed and frequently more 
than double the amount on the nongrazed grasslands. 


F. W. ALBERTSON, G. W. 
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INTRODUCTION 

Some recent studies (Elton 1946; Lack 1944; 
Moreau 1948; Farner 1947) on the ecological dis- 
tribution of animals have demonstrated the relative 
infrequency with which closely allied kinds occur 
together or compete with each other. Many of these 
studies concern vertebrates, especially birds, but some 
discuss communities of insects and other invertebrates. 
The concept has developed that congeneric species 
tend to be ecologically separated. We have examined 
collection data for some external parasites of small 
mammals to see whether this concept is valid for 
parasitic species. 

Clearly, the application of this concept depends 
on the interpretation of genus as well as of habitat. 
For our purpose we have attempted to adopt generic 
entities as commonly used today. In this study 
of external parasites, we have generally held that 
one host constitutes a habitat or ecologic niche. 
This definition is narrowed in instances in which 
a parasite (e.g., a chigger) is confined to a certain 
part of a mammal; for such a parasite, an individual 
mammal might comprise several habitats. 

The following data will demonstrate that the 
ecological distribution of external parasites is taxono- 
mically significant. The hosts studied are several 
kinds of small, forest mammals. These are species 
which were most commonly collected during a study 
of the economies of forest rodents. They included 
a mole (Neurotrichus gibbsii), two shrews (Sorex 
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trowbridgii and S. palustris), two deer mice (Pero- 
myscus maniculatus and P. boylii), and two microtine 
rodents occidentalis and Microtus 
longicaudus) (Table 1). Some other kinds of mam- 
mals are listed as hosts for some of the parasites, 
but numerous collections were made only from 
those given above. The parasites studied are mites 
(Acarina) of two families (Trombiculidae and 
Laelaptidae), and fleas (Siphonaptera). Other 
ectoparasites were collected, but were not sufficiently 
abundant to be useful in this discussion. This study 
was made in the northern Sierra Nevada in Plumas 
County, California. The vegetation types and their 
small mammal populations have been 
previously described (Jameson 1951). 


(Clethrionomys 


respective 


TROMBICULID MITES 

Chiggers (trombiculid mites) are quite numerous 
in the cold, wet winter months, but in the summer, 
when the weather is hot and dry, these mites are 
rather searee. Large numbers of mice and shrews were 
examined in the summer months, and few chiggers 
were found. In general, host specificity is poorly 
developed in these parasites. The species found on 
deer mice occurred on both species, and were often 
taken on wood rats and microtine rodents as well. 
Usually, the chiggers of rodents were not common 
on insectivores, and vice versa. 

Because chiggers frequently occurred in such large 
numbers, it was impractical to prepare and identify 


“> 
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parasites in the northern Sierra Nevada (Plumas 


County) California, October 1948-August 1951 





Feb. | Mar. | Apr. 
Neurotrichus gibbsii > 0 é 14 
Sorex trowbridgii veal ee : 4] 28 
Sorex palustris : 2 6 2 
Peremyscus maniculatus*.... 26 Bh 5 30 
Peromyscus maniculatus** . 39 
Peromyscus boylii 90 
Clethrionomys occidentalis. . 7 
Microtus longicaudus 0 


*Collected in brushfields. 
**Collected in coniferous forests. 


each specimen. Instead, hosts were selected at 


random, samples of their chiggers identified, anc 
an estimate was made of the number of the various 


species on each host. In the following account, th> 


specimens enumerated are those actually identified. 


Numbers in parentheses after the host’s name in- 
the hosts from which specimen: 


identified. 


dicate number of 
were 
ACCOUNT OF SPECIES 

Leeuwenhoekia (Comatacarus)americana (Ewing). 
3 collections; 3 specimens; all from Sorer trow- 
bridgii. Seattered published records for this species 
indieate that insectivores are the most common hosts. 
Twice froin the snout and once from the ear conch. 
Mareh and July. 


Leeuwenhoekia Gould. 


dolosa 
specimen from P. maniculatus. October. 

Acomatacarus (Ewing). 9 
40 specimens; from Aplodontia rufa (1), Neotoma 
cinerea (1), P. maniculatus (1), P. boylii (5), and 
Sylvilagus nuttalli (1). Apparently not on insee 
tivores. This species attaches deep in the ear conch. 
Found from May until September. 

Chatia Brennan. 3 collections; 8 speci- 
mens; all from Peromyscus maniculatus. Elsewhere, 
this species is known to oceur on a variety of small 
All specimens attached to the sparsely 
February, September, 


(Comatacarus) 


hirsutus collections ; 


setosa 


mammals, 
furred skin of the hind legs. 
and October. 
Shunsennia ochotona (Radford). 17 collections; 
48 specimens; from Peromyscus maniculatus (14), 
P. boylii (2). 
This species settles deep in the ear conch; in the 
17 collections it was found at no other place. Late 
August to April. 
Pseudoschdéngastia occidentalis 


(1), and Clethrionomys occidentalis 


Brennan. 2 col- 
All specimens 


lections; 6 specimens; from P. boylii. 
June 


were attached on the venter near the anus. 

and July. 
Euschéngastia 

6 specimens; from Peromyscus boylii. 


collections; 
Each speci- 


lacerta Brennan. 6 


‘ 


men was found attached on the venter near the anus 
or genitalia. July. 

Euschéngastia peromysci (Ewing). 101 collec- 
tions; 440 specimens; from Sorex trowbridgii (1), 
(63), P. boylii (12), Cle- 


Peromyscus maniculatus 


May 


June | July | Aug. | Sept. Dec. | Totals 


5 ! 
27 2¢ : 13 
4 ; { 
36 ‘ 31 
108 32 ( S4 
1S 29 
6 3 : } 


9 : 2 


6 Y 


thrionomys occidentalis (16), Microtus longicaudus 
(8), and Zapus pacificus (1). 
host specificity, but virtually all records are from 
the from inseetivores is 
conspicuous. The chigger has a marked predilection 
for attaching deep in the ear of its host: 
only the solitary specimen from Sorex trowbridgia 
Although this mite was found 
far common. in 


There is no clear-cut 


mice; absence of records 


coneh 
was found elsewhere. 


throughout the 
the winter months. 


year, it was more 


Euschongastia radfordi Brennan & Jones. 77 
collections; 209 specimens; from Neurotrichus gibbsii 
(1), Peromyscus maniculatus (41), P. boylii (32), 
Clethrionomys occidentalis (2), Microtus longicaudus 
(2). 
This may simply reflect the abundance of rodents 
(as potential hosts) in this instance, for E. radfordi 
is also found on lagomorphs, deer, and several kinds 
of birds. Characteristically, it was found clustered 
along the edge of the ear pinna, especially near 
the lower, posterior part; it was seldom found at any 
other site on the mice in this study. £E. 
is a winter chigger and was found only from October 


Rodents were the common hosts for this chigger. 


radfordi 


until May in this area. 
Euschéngastia sciuricola (Ewing). 8 collections: 
16 specimens; This 


chigger was taken from craterlike pockets about the 


from Peromyscus maniculatus. 


eves of the hosts; the pelage often concealed these 
mites and they were probably more common than 
It was found at all seasons. 
8 collections; 


the collections suggest. 

EFuschéngastia criceticola Brennan. 
19 specimens; from Peromyscus maniculatus (4) and 
P. boylii (4). 
found tenaciously embedded on the flat surface of 


In every instance, FE. criceticola was 
the ear pinna, although its presence did not cause 
the formation of pockets which were always found 
sciuricola oceurred. 

Gould. 23 collections; 
48 specimens; from Sorex palustris (1), S. 
bridgii (22). Most commonly, this chigger attached 
in the folds of the pinna of the ear and along the 
edge; on 4 shrews it was found on the hind legs and 
It was taken in every 


about the eyes when £. 
Euschongastia soricinus 


trow 


once it was on the dorsum. 
month of the year. 
Euschéngastia oregonensis (Ewing). 33. eollee- 


tions; 98 specimens; from Nenrotrichus gibbsii (1), 
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Sorex palustris (3), S. trowbridgii (28), and Microtus 
montanus (1). Almost invariably, this chigger was 
found on the long, pointed snout of the host; three 
times it was found on the body and twice on the 
Taken throughout the year. 

(Neotrombicula) jewetti 
310 


Peromyscus 


ears. 
Trombicula 
Wharton. 101 collections; 
Sorex trowbridgii (10), 
(47), P. boylii (18), Clethrionomys occidentalis (12), 
Microtus montanus (2), M. longicaudus (9), Zapus 
Like Shun- 
sennia ochotona and Euschéngastia peromysci, this 
mite attaches almost always in the ear conch. On 
shrews it was also found on the rump, venter, tail 
T. jewetti was common from Septem- 


srennan «& 
specimens; from 


maniculatus 


pacificus (2), and Aplodontia rufa (1). 


base, and lip. 
ber until April, and was not found in the summer. 
Trombicula (Neotrombicula) microti Ewing. 
5 specimens; from P. maniculatus (4) 
and Clethrionomys occidentalis (1). In 4 of the 
collections this was found the body, 
and so might be overlooked. It was taken in October, 
but probably oecurred throughout the winter. 
(Neotrombicula) californica 
2 collections; 10 specimens; all from Sorex trow- 
Like 7. microti, this one was taken from the 
body of its hosts. It was found in May and in June. 
Gould. 


56 specimens ; from Sorex trowbridgii 


collections ; 


chigger on 


Trombicula Ewing. 


hridgu. 


Trombicula (Neotrombicula)  brennani 
6 collections; 
(5) and Clethrionomys occidentalis (1). This species 
was sporadic in occurrence, but was found in rather 
heavy infestations. It to the dorsum of 


its host. and could be more common than the data 


attaches 


January, May and December. 


suggest. 


Sire or ATTACHMENT 

Species of this group of mites, although not 
markedly host specific, do exhibit preference and 1 
definite pattern in selecting sites of attachment. As 
a rule, each kind of chigger fastened to a specific 
part of its host, and rarely did the site vary from 
one species of host to another. For some kinds of 
chiggers, so few specimens were taken that a pre- 
ferred point of attachment could not be determined. 

Although several kinds of trombiculid mites may 
typically occur at the same site, congeneric species 
This type of distribution 


did not occur together. 
is in agreement with the concept that closely allied 
species do not compete, that is, such species are 


ecologically separated. Even though. congeneric 
species of chiggers occurred simultaneously on the 
same host, they attached to different parts of the host. 
This is best illustrated by the species of Euschén- 
gastia, several of which may be found on one mouse 
at the same time. Of the 440 specimens of FE. per- 
omysci, all but one were found attached deep in the 
radfordi occurred only on the rim 
E.. criceticola was 


ar conch. FE. 
of the ear pinna, usually ventrad. 
invariably found attached to the flat surface of the 
sciuricola was found fastened about 
lacerta attached to the skin of the 


ear pinna. F, 
the eyelids. FE. 


perianal area. 
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The two species of Huschdngastia from shrews 
illustrate the same ecological segregation. FE. soricinus 
generally was taken from the complex folds of the 
pinna; less commonly it attached to the legs or dor- 
sum. In 28 
fastened in the fur of the snout. 

The environmental distribution of Trombicula spp. 
jewetti, was 


of 33 collections, EH. oregonensis was 


is less apparent because only one, 7. 
commonly collected. This species typically occurs 
deep in the ear conch, in company with Huschéngas- 
tia peromysci. T. brennani was observed only on 
the dorsum of its host. 

The observed phenomena are apparently not un- 
common in the Trombiculidae. Suyemoto & Toshioka 
(1955: 155) observed that each of 


species in Japan had a characteristic place for at- 


several different 


taching. 

Apparently, however, some chiggers typically at- 
tach at several different sites. Elton & Keay (1936) 
found that autumnalis in the 
ears on Clethrionomys glareolus, and on Apodemus 
sylvaticus the same mite attached to the genital and 
anal It of interest that these authors 
found no other species of chigger in their study. 
Very probably, the confinement of a chigger to a 
small, restricted part of the host is more pronounced 
in regions where there are many species of these 


Trombicula occurred 


is 


regions. 


mites. 


SEASONAL OCCURRENCE 

Many of these mites are not present on hosts 
throughout the year. kinds 
enough to reveal discrete seasonal distributions. 


common 
The 
and 
and 


Several were 
larval, parasitic stages of Huschdéngastia radfordi 
Trombicula jewetti are absent in the summer, 
Euschongastia peromysci, while found throughout the 
year, was much less common in the summer. Aco- 
matacarus hirsutus and Huschéngastia lacerta were 
taken from mice in the summer, and were apparently 
absent in the winter. These seasonal distributional 
patterns closely parallel the findings of Brennan & 
Jones (1954) for these same 5 species. 

PATTERNS 


OTHER ECOLOGICAL 


Another interesting distributional re- 


flected influence of the host’s habitat upon the abun- 


pattern 
dance of a species of chigger. Two species (Huschdn- 
and E. 
four 
maniculatus, P. 
and Microtus longicaudus), and no host preference 


pe romysct) were rather 
of 


Clethrionomys 


gastia radfordi 


common on species mice (Peromyscus 


boylii, occidentalis, 


was discernible. However, FE. radfordi was much 
more abundant on mice inhabiting brushfields, and 
FE. peromysci was prevalent on the mice living in 
the (Fig. 1). The relationship 
is especially obvious in the ease of 
maniculatus, a mouse commonly found in both brush- 
The preference of larval trom- 
bieulids for another ap- 
parently reflects the environmental requirements of 
the free-living, predatory nymphs and adults whose 


coniferous forests 


Peromyscus 


fields and forests. 


one or vegetative type 
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Peromyscus Clethrionomys Microtus 
identeli re 





boylii 


BRUSHFIELDS FORESTS 


Fig. 1. The occurrence of the chiggers Euschéngastia 
peromysci and E. radfordi on mice from  brushfields 
and from coniferous forests. 


distribution is obviously influenced by edaphie factors. 
Thus, the more suitable habitat for E. peromysci 
may be the moist duff of the forest, and for E. 
radfordi the dry ground of the brushfields. The 
association of a given species of chigger with a 
certain vegetative type is familiar to collectors (e.g.. 
Mohr 1947). 
LAELAPTID MITES 

This family includes the most noticeable of the 
Ticks are larger, 
frequently 
are almost 


parasitic mites on small mammals. 
and trombiculid and myobiid mites are 
more numerous, but the laelaptid mites 
always present, are easily seen by the unaided eye, 
and are very active. Generally laelaptid mites are 
of no medical importance, and, although there are 
numerous genera and species, their biology is poorly 
known. In this study, three groups are encountered, 
and here they are considered as three of the many 
subfamilies of the Laelaptidae: Laelaptinae, Der- 
manyssinae (incl. Macronyssinae), and Haemo- 
gamasinae. 
AccounT OF SPECIES 
Laelaptinae 

Eubrachylaelaps circularis (Ewing). 80 males, 
7846 females, and 91 nymphs. Loeally, the host 
for this mite is Peromyscus boylii. Most of these 
mice were parasitized and sometimes more than 100 
females were taken from a single host. Only two 
females were taken from P. maniculatus. The host 
specificity of E. cireularis is very highly developed. 


Ecological Monographs 
Vol. 27, No. 1 
In other localities this mite occurs on Peromyscus 
truei, P. hylocetes, and possibly other species. 
Eubrachylaelaps debilis Jameson. 13 males, 442 
females, 14 nymphs. This mite is typically found 
on Peromyscus maniculatus and, like E. circularis, 
is highly host specific. It is much less common 
than F. 
Laelaps kochi Oudemans. 15 males, 88 females, 
and 6 nymphs. This is a Holarctic species character- 
istically associated with various species of Microtus. 
Locally Microtus longicaudus is a common host. 
female. Like L. 


circularis. 


Laelaps alaskensis Grant. 1 
kochi this is a parasite of Microtus. 

Haemolaelaps glasgowi (Ewing). 62 males, 2291 
females, and 196 nymphs. This species is well known 
for its wide choice of hosts. It was found on a 
wide variety of terrestrial rodents, and may some- 
times by chance occur on shrews. H., 
megaventralis Strandtmann was rarely found; this 
species seems to replace H. glasgowi on chipmunks, 
tree squirrels, and some hole-nesting birds. 


soricid 


Dermanyssinae (incl. Macronyssinae) 
Neoichoronyssus (Hirstionyssus) obsoletus (Jame- 
Insectivores and the red-backed 
vole are characteristic hosts for N. obsoletus. 

Neoichoronyssus (Hirstionyssus) “p,” nsp. 8 
males, 267 females, 3 nymphs. This species is found 
on several species of Peromyscus from several widely 
separated localities in the United States; and it 
seems definitely associated with these mice. Locally, 
P. maniculatus is the host for this mite. 

Neoichoronyssus (Hirstionyssus) isabellinus (Ou- 
demans). 2 females. This is a Holaretie species 
parasitic on various genera of microtine rodents. 
In this region it was taken once from Microtus longi- 


son). 156 females. 


caudus. 


Haemogamasinae 

The species in this discussion are all in the genus 
Haemogamasus. We follow Asanuma (1951) in 
placing Euhaemogamasus Ewing as a synonym of 
Haemogamasus Berlese. 

Haemogamasus ambulans (Thorell). 4 males, 76 
females, 5 nymphs. Many kinds of small mammals 
are hosts to this mite. Loeally, it was frequently 
found on Peromyscus boylii, and oecurred less com- 
monly on the two voles (Clethrionomys and Micro- 
tus). 

Haemogamasus alaskensis Ewing. 3 males, 70 
females, 13 nymphs. Red-backed voles (Cleth- 
rionomys occidentalis) were commonly hosts to H. 
alaskensis, and less frequently this mite was taken 
from Microtus. 

Haemogamasus liponyssoides Ewing. 9 males, 12 
females, 22 nymphs. As in the case of H. ambulans, 
this species does not have a marked host specificity. 
It is likely to be more abundant on voles, and locally 
Microtus longicaudus is the most common host for 
are also sometimes 


H. liponyssoides. Insectivores 


parasitized by this mite. 
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Haemogamasus keegani (Jameson). 101 males, 
53 females, 77 nymphs. This is similar in many re- 
spects to the much larger H. liponyssoides which it 
more or less replaces on shrews and moles. 


REMARKS 
fail to any 
Although the prevalence of 


The extensive data show seasonal 


distributional patterns. 


these parasites is highly variable, there seemed to be 


Usually, females 
mammalian 


no relationship to abiotic factors. 
are the most form found on 
hosts; males and nymphs are abundant only in nests. 
The number of males and nymphs found on the 
perhaps reflecting the 


common 


hosts increases in the spring, 
amount of time the host is in its nest at this season. 

For some laelaptid mites host specificities are 
clear-cut; other species are vague in their choice 
of hosts, and host specificities for them are not ap- 
parent. In the genus Eubrachylaelaps the species 
show a definite several closely 
allied, host species; no more than one species of 
Eubrachylaelaps is found commonly on any one 
Locally E. circularis parasitized Peromyscus 
boylii and E. debilis was found on P. maniculatus; 
the virtual absence of interchange is remarkable. 
Haemolaelaps glasgowi is well known to occur on 
many kinds of rodents. Perhaps it is significant that 
only one other species of Haemolaelaps, H. megaven- 
tralis, was found in this study, and it was scarce. 

There are three species of Neoichoronyssus 
(Hirstionyssus). One species, NV. obsoletus, was com- 
mon on three insectivores and a vole (Clethrionomys), 
and these mammals did not commonly harbor any 
other mite of this genus. All the mammals studied 
(except Peromyscus boylii) were commonly para- 
sitized by one or another species of Neoichoronyssus. 
The undescribed species from Peromyscus mani- 
culatus has been found on Peromyscus spp. in other 
regions in North America, and N. isabellinus occurs 
on Microtus spp. throughout the Holarctic Region. 

In the Haemogamasinae host specificities are not 
well marked, but the various species are more or 
less mutually exclusive. There is an obvious pre- 
ference of the small Haemogamasus keegani for in- 


choice for one, or 


host. 


sectivores. 


FLEAS 

As a rule, fleas are the most active of the three 
groups of parasites discussed in this account. The 
adults are parasitic, they run rapidly through the 
pelage of the host, and can jump very well (for 
small mammalian burrow to a 
Evans & Freeman (1950: 
mouse 


example, from a 
passing mouse or shrew). 
327) have noted the rapidity with which a 
It is reasonable to suspect that the 
mammal changes fre- 


acquires fleas. 
flea population on a 
quently. 

In the following data, the number of hosts from 
which fleas were taken is indicated parenthetically 
after the host’s name. 


small 
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ACCOUNT OF SPECIES 
Hystrichopsyllidae 

Hystrichopsylla n.sp. Holland. 
25 specimens; from Neurotrichus gibbsii (2), Sorex 
CT. maniculatus (7), P. 
(1), Clethrionomys (11), and 
Microtus longicaudus (3). This flea parasitized a 
variety of small mammals, but Clethrionomys was the 
preferred host. There was a tendency for this 
species to be more common in the winter. 

Atyphloceras multidentatus (Fox). 199 collee- 
tions; 331 specimens; from Sorex trowbridgii (1), 
Peromyscus maniculatus (43), P. boylii (130), and 
Clethrionomy occidentalis (25). In the area studied, 
P. boylii was the host most commonly parasitized 
by this flea; insectivores were apparently unaccept- 
able as This species occurred only in the 
winter. 

Corypsylla ornata Fox. 18 collections; 57 speci- 
mens; from Scapanus latimanus (2), Neurotrichus 
gibbsii (7), Sorex palustris (2), and S. trowbridgii 
(7). Although this flea parasitized shrews, most 
of the specimens were taken from the mole, Scapanus 
latimanus. Found throughout the year. 

Corypsylla kohlsi Hubbard. 16 collections; 32 
specimens; from Sorex trowbridgii (15) and Pero- 
myscus boylii (1). Clearly a shrew flea, C. kohlsi 
occurred from October until April. 
Holland & 


collections; 5 specimens; from Scapanus latimanus 


25 collections; 
trowbridgit Peromyscus 


boylii occidentalis 


hosts. 


Nearctopsylla hamata Jameson. 4 
(1), Neurotrichus gibbsii (2), and Peromyscus mani- 
culatus (1). This is a mole flea. Its apparent searcity 
may be due to the difficulty of trapping moles in 
winters of deep snow and frozen grounds, when 
N. hamata seems to occur. 

Nearctopsylla princei Holland & Jameson. 54 
collections; 163 specimens; from Sorex palustris (5), 
S. trowbridgii (41), and Peromyscus maniculatus (8). 
N. princei is without question a typical parasite of 
the two species of Sorex. That very few of the 163 
specimens were from the water shrew (S. palustris) 
merely reflects the small sample of this mammal. 
Also, perhaps because of the very dense fur of this 
shrew, it is usually not heavily infested with external 
parasites. N. princei is clearly a winter flea: it was 
found sparingly in October and in May, and was 
quite abundant from November until April. 

Delotelis hollandi Smit. 10 collections; 14 speci- 
mens; from Neurotrichus gibbsii (4), Sorex palustris 
(1); (1), and Microtus 
longicaudus (4). There appears to be no preferred 
host; other workers have indicated that this is a 
nest flea. No apparent seasonal distribution. 

Catallagia sculleni Hubbard. 89 collections; 109 
specimens; from Neurotrichus (2), Sorex 
trowbridgii (6), Peromyscus maniculatus (66), Cle- 
thrionomys occidentalis (13), Microtus longicaudus 
(2). A variety of hosts were parasitized by this 
flea. This is a winter flea, being most common 
from September nntil May. 


Peromyscus maniculatus 


gibbsii 
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Catallagia mathesoni Jameson. 138 collections: 
201 specimens; from Neurotrichus gibbsii (3), Sores 
trowbridgii (11), Peromyscus maniculatus (44), P. 
(77), Clethrionomys occidentalis (2). 
were the frequent this flea. 
ecological segregation of C. scullent and C. 
Like C. sculleni and 


mathesoni is . 


boylii and 
Mice 
The 
mathesoni 
probably all species of Catallagia, C. 
winter flea. Although a few were found in the sum- 
mer, C. mathesoni was collected commonly only from 
October until May. 

Epitedia scapani (Wagner). 
Neurotrichus 


most hosts of 


is diseussed below. 


22. collections; 31 
specimens, from (6), 
trowbridgii (15), and Peromyscus maniculatus (1). 
This flea is a typical parasite of insectivores. Spring 
abundance of E. 


gib bsit Sores 


is the time of greatest scapani: 
months in which this species was collected are Jan- 
uary (2 specimens), March (3), April (17), May (6), 
June (1), October (1), and December (1). 

Epitedia wenmanni (Rothschild). 10 collections; 
13 specimens; from Peromyscus maniculatus (6) and 
Microtus (4). Throughout its broad 
geographic tange EF. wenmanni occurs mainly on 
( Cricetinae Microtinae). Like F. 


wenmanni seems to be a spring flea; it 


longicaudus 


small mice and 
scapani, FE, 
was found only in March (1 collection), April (8), 
and May (1). 

Megarthroglossus procus Jordan & Rothschild. 4 
collections; 4 specimens; from Peromyscus mani- 
culatus (2), P. boylii (1), and Eutamias townsend? 
(1). According to published records, this appears to 


be a winter flea of squirrels (Sciuridae). 


Ceratophyllidae 

(Baker). 5 
All of these specimens 
locality 


Opisodasys —keeni collections; 9 


specimens; all from P. boylir. 

were taken within a ten-day period in a 
host collected at frequent 
for more than two There is no apparent 
explanation for such a sporadi¢ occurrence. 

(Rothschild). 708 
Neurotrichus gibbsu 
(9), Sorex trowbridgii (3), S. palustris (1), Pero- 
MLUYSCUS (383), P. boyliit (285), Cleth- 
rionomys occidentalis (19), and Microtus longicaudus 
This species is a flea of mice, especially deer 
spp.). 4M. occurs 


more 


where the was intervais 


years. 
(( | lee 


Malaracus telchinum 


tions; 1512 specimens; from 


maniculatus 


(dS). 
(Peromyscus telchinum 


vear but is 


mice 
throughout the 
the winter. 
Megabothris abantis (Rothschild). 2 collections; 
2 specimens; from Microtus longicaudus. Taken in 
April. This is a common flea of microtine rodents 
Monopsyllus (Rothschild). 18  collee- 
tions; 28 specimens; from Eutamias quadrimaculatus 
(11) and EF. townsendi (5) and Peromyscus boylii 
(2). This is a typical flea of western chipmunl! 


KS 
(Eutamias spp.). 


common durin? 


eumolpi 


Monopsyllus ciliatus (Baker). 12 collections; 
14 specimens; from Sore.r trowbridgii (1), Futamias 
townsendi (6), and Pero- 


quadrimaculatus (3), FE. 
This species appears to 


maniculatus (2). 


WUSCHUS 


‘ 





be characteristic of both chipmunks (Hutamias) and 
pine squirrels (Zamiasciurus). The latter host was 
not included in this study. 

(Baker). 93. collections; 


from Peromyscus maniculatus (90), 


Monopsyllus) wagneri 
110 specimens; 
P. boylii (2), and Microtus longicaudus (1). This 
is a common parasite of P. maniculatus throughout 
western United States and Canada. It was collected 
at all seasons, but was not common in April. 
Peromyscopsylla hesperomys (Baker). 131 collee- 
tions; 214 specimens; from Peromyscus boylii (24) 
and P. (107). This is a very wide- 
spread flea on deer mice in North America. In the 
common in the 


maniculatus 


area studied, P. hesperomys was 


autumn (from September to November) and was 
scarce at any other time. 
Peromyscopsylla selenis (Rothschild). 11 collee- 


tions; 19 specimens; from Clethrionomys occidentalis 
Typically, P. 
Found at all 


(5) and Microtus longicaudus (6). 
selenis is a flea of microtine rodents. 


seasons, 


Host Specrriciry OF FLEAS 

Fleas exhibit more clear-cut host preferences than 
do chiggers. In general, a given species of flea 
parasitizes not a particular host species, but a genus, 
or sometimes a subfamily or a family. Of course, 
there are apparent exceptions. The host distributions 
of fleas are clouded by three other patterns: 1) 


environmental distribution (apparently dependent 
upon vegetative, edaphic, or other factors), 2) sea- 
sonal distribution, and 3) the so-called accidental 
parasitism. 

The specificity of fleas is diseussed by Evans & 
Freeman (1950: 


of host preference varies among different kinds of 


323) who showed that the degree 


fleas, and that some fleas are rather catholic in their 
choice of hosts, parasitizing several, unrelated small 
It is well known that a variety of mice, 
voles, shrews, and moles frequently traverse identi- 
eal trails and tunnels through the turf and humus. 
Also, predators not infrequently carry fleas of their 


mammals. 


prey. Such records are of special importance as they 
may reveal the amount of contact amone the various 


hosts. 


FLEAS OF INSECTIVORES 

Insectivores are a very distinct group and their 
flea fauna is generally quite unlike that on rodents. 
The typical insectivore fleas and those fleas that 
have straved from rodents form two rather distinet 
groups. -Moles and shrews generally have different 
fl ‘as, 
kind is on moles and another on shrews (Table 2). 


when congeneri¢ species of fleas oeeur, one 


The mole (Scapanus latimanus) was taken only 
On this insectivore Corypsylla ornata and 
Additional 


lecting would probably indicate that both species are 


twice. 


Nearctopsylla hamata were found. col- 


often associated with this mole. The shrew-mole 
(Neurotrichus gibbsii) was more easily trapped and 
was probably more abundant. In addition to the 
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TABLE 2. Host preference of fleas characteristic of 
insectivores. A plus sign (+) indicates the host family 
preferred. 





Fleas Moles Shrews 
(Talpidae) (Soricidae) 


Corypsylla ornata + ” 
C. bonist...... Wales _ ak, 
Nearctopsylla hamata...... _ 
N. prince? . . = ae 
Epitedia scapani. . ae 2s 


above two fleas, this mole occasionally had FE pitedia 
scapani, a flea also occurring on shrews. Several 
other fleas on shrew-moles are considered to be 
strays: Catallagia sculleni, C. mathesoni, Delotelis 
hollandi, Hystrichopsylla sp., and Malaraeus tel- 
chinum. All these species are characteristically as- 
sociated with mice. 

The water shrew (Sorea palustris) was host to the 
same fleas as the other long-tailed shrew (S. trow- 
bridgii), but fleas on the former were much less 
abundant. Two fleas, Nearctopsylla princei and 
Corypsylla kohlsi, ave characteristic of shrews (Sori- 
cidae), and Hpitedia scapani was found, although 
less commonly. Corypsylla ornata was taken from 
shrews as well as moles, although it is more commonly 
associated with the latter hosts. C. ornata was found 
on seven of 65 shrew-moles, and it was found on 
seven of 377 S. trowbridgii trapped. Also from 
Sores trowbridgii were collected) several kinds of 
fleas commonly found on mice. These ineluded 
Catallagia sculleni, C. mathesoni, Hystrichopsylla sp., 
A. multidentatus, Malaraeus telchinum, and Pe) 


omyscopsylla hesperomys. 


FLEAS OF CRICETINE RODENTS 

Two mice of the subfamily Cricetinae were abun- 
dant in the region studied. Peromyscus maniculatus 
occurred in two distinet environments, in brushfields 
(mostly of broad leaved shrubs and small trees) and 
in coniferous forests. In the same region P. boylii 
lived in the brushfields, and was virtually absent in 
the coniferous forests. Accordingly, within these 
two species of deer mice, there are three ecological 
groups. In general these three populations were 
hosts of the same species of fleas; nevertheless, op- 
portunities for interchange must be frequent, and, 
in spite of these, there are conspicuous differences 
in the degree of parasitism. 

The most abundant flea on both kinds of deer mice 
is Malaraeus telchinum; it was taken frequently from 
microtine rodents as well. Another very common 
species (Atyphloceras multidentatus) on deer mice 
is also on red-backed voles (Clethrionomys occiden- 
talis). The host specificity of this flea becomes 
obscured by its seasonal distribution and environ- 
mental preference so that the over-all distributional 
pattern is most complex. 

Two other typical fleas of deer mice are Catallagia 
scullent and C. matheson’; the former is also common 
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were not found in the summer; and others were ¢ol- 
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on the red-backed vole. The specificity of these 
Catallagia is contused by other factors as in Atyphlo- 
ceras. There are two additional species characteristic 
only of deer mice: Monopsyllus wagneri and Peromys- 
copsylla hesperomys. EB pitedia wenmanni Was also 
typical of deer mice as well as of microtine rodents. 

Three fleas (Corypsylla kohlsi, Nearctopsylla 
hamata and N. princei) taken from deer mice were 
clearly strays from insectivores. Three more species 
(Megarthroglossus procus, Monopsyllus eumolpi, and 
M. ciliatus) recorded from deer mice are regularly 
found on seiurid rodents. 


FLEAS OF MIcROTINE RODENTS 

Only two microtine rodents are included in this 
study; the red-backed vole (Clethrionomys occiden- 
talixs) and the long-tailed vole (Microtus longicaudus). 
These are both forest dwelling mice, and travel the 
same pathways used by P. maniculatus and, as noted 
above, they may frequently have the same kind of 
fleas. The samples of these mice are rather small, 
and therefore the data on their fleas are meager. 
There were two kinds of fleas characteristic only 
of microtine rodents in this area, Megabothris abantis 
and Peromyscopsylla selenis (Table 3) 

In addition to the above miecrotine hosts, small 
numbers of chipmunks (Hutamias quadrimaculatus 
and FE. townsendi) were trapped. These little rodents 
in this area were hosts to three fleas: Megarthro- 
glossus procus, Monopsyllus eumolpi, and M. ciliatus. 

TABLE 3. Host preference and environmental distribu 
bution of fleas characteristic of mice. A plus sign (+ 
indicates the preferred host. 





Frow BrusH From Forest 


Pero- Pe TC- Pe TC- M icro- 
Fleas myscus myYySscus MYSCUS tinae 
boylit mani- mani- 


culatus  culatus 


Atyphloceras 

multidentatus 4 4 a me 
Catallagia 

seulleni a r% rs 


C. mathesoni 4 4 = = 
Epitedia 

wenmanni : s 4 
Malaraeus 

telchinum { 4 4: 
Monopsyllus 


wagner - + + ~ 


Megabothris 


abantis ™ as 4 


Peromyscopsylla 


hesperomys + + + 


P. selenis ~ — + 


SEASONAL DISTRIBUTION OF FLEAS 


Seasonal differences in abundance were pro- 


nounced for several species of fleas. Some kinds 
were present during the cold, wet winter months and 
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lected characteristically in the spring or autumn. Al- 
though some fleas were found throughout the year, 
they were less common in summer. In every instance, 
the typically winter fleas belong to the Hystrichopsyl- 
lidae. 

One of the most common winter fleas was Aty- 
phloceras multidentatus; it occurred regularly on at 
least three kinds of mice, from September until May. 
A similar seasonal distribution obtained for Catal- 
lagia sculleni and C. mathesoni, although these two 
species occurred until somewhat later in the spring 
than A. multidentatus. 

Peromyscopsylla hesperomys was rather common 
in the autumn, and was occasionally taken as late as 
February. In the springtime Monopsyllus wagneri 
was common and was taken sparingly throughout the 
year. 

There are rather clear-cut seasonal occurrences of 
fleas on shrews (Sorex trowbridgii). The most com- 
mon species, Nearctopsylla princei, was abundant 
during December and January, and absent from late 
May until mid-October. Corypsylla kohlsi is also 
a winter flea, but it was much jess common thar 
N. princei. The third common fiea on shrews is 
Epitedia scapani, which is characteristically found in 
April and May; it is scarce or absent at other times. 

Variations in seasonal abundance have been dis- 
cussed for a number of kinds of fleas elsewhere in 
the world, and the phenomenon is well known. Such 
seasons of abundance are the periods when the adults 
occur on the hosts. No one has yet explained where 
the adults are at other seasons, or what factors 
might determine when the adults appear. Presum- 
ably, when the adults are not found the species is 
living in the nest of the host as eggs, larvae, or pupae. 
The factors determining the seasons at which a given 
species will appear as adults may be found in (1) 
the microclimate of the host’s nest or (2) the physio- 
logical condition of the host or both. These factors 
may be as simple as the humidity and temperature 
of the nest; or they might stem from varying nutri- 
ents in the blood of the host, such factor itself re- 
flecting an environmentally determined dietary. 


ENVIRONMENTAL DISTRIBUTION OF FLEAS 

In addition to the seasonal and host distributions 
of fleas, some kinds are found on their characteristic 
host only when the host is in a given habitat. Con- 
versely, the same kind of host living in a different 
environment might have different species of fleas. 

The effect of the host’s environment on flea 
distribution is well illustrated by the occurrences of 
the two species of Catallagia. C. mathesoni occurs 
on both kinds of Peromyscus in the region studied, 
and C. sculleni is frequent on Peromyscus maniculatus 
and Clethrionomys. Actually, the host specificities 
for these two fleas are not too well defined. In 
addition to being winter fleas, species of Catallagia 
are much more abundant in nests than on the host 
itself. Locally, C. scullent and C. mathesoni were 
further restricted by some other factor, yet to pe 





Ecological Monographs 

fol. 27, No. 1 
determined. C. mathesoni rather common on 
both P. maniculatus and P. boylii when these mice 
lived in brushfields; and C. sculleni occurred on forest 
dwelling mice. This environmental segregation ob- 
tains even when the brushfield and coniferous forest 
are adjacent. Because C. mathesoni is virtually con- 
fined to brushfield mice, might suspect that 
P. boylii (common only in brushfields) is necessary 
for the presence of this flea; however, there are 
records for C. mathesoni well beyond the geographic 
range of P. boylii. Thus, the distribution of Catal- 
lagia seems to depend as much on the habitat of 
the host as on the host itself. 

An even puzzling situation is the 
tribution of Atyphloceras multidentatus. This flea 1s 
abundant on Peromyscus boylii and rather common 
on P. maniculatus when these two mice are living 
In the coniferous forest, where P. 


was 


one 


more dis- 


in brushfields. 
boylii almost never occurs, Atyphloceras is very scarce 
on P. maniculatus but is abundant on the microtine 
rodent, Clethrionomys occidentalis. In other words, 
although P. maniculatus is a satisfactory host for 
Atyphloceras multidentatus, it appears that the 
flea’s presence or absence is determined largely by 
the mouse’s habitat. 
DISCUSSION 

The occurrence of external parasites is obviously 
complicated by many environmental factors of which 
the host is only one. Our observations are analyzed 
to show several patterns of distribution based on 
seasons of the year, environment of the host, a re- 
finement of the host as a habitat, and other factors. 
Such analyses seem necessary in order to appreciate 
fully the environmental distribution of ectoparasites, 
to appraise the degree of competition between con- 
geners, and to evaluate accurately collecting data. 

It should be remembered that only a fraction 
of the mammal fauna (hence, external parasite fauna) 
was studied; had more species of hosts been con- 
sidered, obviously we would have found more species 
of the parasite genera here discussed. In other 
words, opportunities for intrageneric competition are 
greater than our data indicate. We do not believe, 
however, that our small sample of host species de- 
tracts from the validity of our observations. In 
the following discussion of congeneric species, only 
relatively common species are important; if a para- 
site is rare, it cannot be a major competitor of 4 
species with similar food and habitat. 

Trombiculid mites are parasitic only as larvae. 
In the Trombiculidae we found two genera each 
with several species. The genus Euschéngastia was 
represented by five species on mice and two on 
shrews. When one individual mouse harbored sever- 
al species of Euschdngastia, each species was confined 
to its own ecologic niche on the mouse. The same 
type of segregation was seen in the two species of 
Euschéngastia on shrews. Both species often oc- 
curred on a single shrew, but were confined to dif- 
ferent parts of the body of the host. The pattern 
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for the species of Trombicula is less clear, as in this 
genus only one species (T. jewetti) was very com- 
mon. When other kinds of Trombicula occurred 
together with it, they were attached to different parts 
of the host. 

Laelaptid mites are parasitic in al] active stages. 
In this study were several groups of congeneric¢ 
species of laelaptid mites, and their ecologic separa- 
tion was usually quite clear. These mites do not 
attach to one region of the host as do chiggers, but 
move rapidly and frequently, and can be found on 
any part of the host’s body. Congeneric species 
of laelaptid mites parasitized, as a rule, different 
species of hosts, and thus did not compete with one 
another. This was best seen in EHubrachylaelaps, 
a genus parasitic on deer mice; EF. circularis para- 
sitized Peromyscus boylit and FE. debilis oceurred on 
P. maniculatus. There were three species of Neoi- 
choronyssus (Hirstionyssus) and they were mutually 
exclusive. found on 
Peromyscus maniculatus, N. isabellinus was a parasite 
of Microtus, and N. obsoletus was most common on 


bby? 


Neoichoronyssus “p” was 


insectivores. In the genus Haemogamasus the ecologi- 
ral segregation of 
clear. No species was confined to a single host, 
and, during the course of this study, more than 
one species of Haemogamasus was taken from most 
of the hosts. H. ambulans was the characteristic 
species on deer mice, and H. alaskensis was associated 


the different species was less 


with voles, especially Clethrionomys occidentalis. H. 
liponyssoides also was found on voles but seemed 
to favor Microtus longicaudus. H. liponyssoides was 
found also on insectivores, but H. keegani was much 
more common. 

Thus, environmental separation (hence, absence 
of competition) obtains in the Laelaptidae as in the 
Trombiculidae. The fundamental difference is that, 
in the case of laelaptid mites, an individual host 
comprises one habitat, whereas for the trombiculid 
mites a habitat may be only a very restricted part of 
its host. 

In general the ecologic segregation of fleas 
resembles that of laelaptid mites. Fleas are parasitic 
only as adults; other factors in addition to the host 
seem to affect the distribution of fleas. 

Several genera of fleas were represented by more 
than one species. Of the two species of Corypsylla, 
C. ornata was a parasite of moles and C. kohlsi was 
found almost solely on shrews. A similar separa- 
tion obtained for the two local species of Nearctop- 
sylla. N. hamata was found on moles, and N. princei 
was associated with shrews. In the genus Catallagia 
the ecological separation was of a different nature; 
the two local species oceurred mostly on mice, especial- 
ly deer mice (Peromyscus spp.), but C. seulleni was 
found only on mice from the coniferous forest and 
C. mathesoni was a_ parasite of mice in brush- 
fields. This type of distribution was seen even 
in the case of Peromyscus maniculatus, a mouse 
which may abound in both brushfields and coniferous 
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forests. The genus Epitedia has two species in the 
Sierra Nevada: E. scapani was associated with in- 
sectivores (Neurotrichus and Sorex) and E. wen- 
a parasite of mice 
(Peromyscus and Microtus). Three species of Mo- 
nopsyllus were taken from the mammals studied. ™. 
eumolpi and M. ciliatus would seem to compete as 
Working in the 
discovered that 


manni was characteristically 


both are parasites of chipmunks. 
same region, Tevis (1955: 77-78) 
“|. . local distribution of chipmunk fleas of the 
genus Monopsyllus was determined by type of ter- 
rain, not by species of chipmunk. 
commoner in relatively open and arid forests, and 


M. eumolpi was 
M. ciliatus in moist and closed ones.” M. wagneri 


was a common flea on Peromyscus maniculatus. 
Peromyscopsylla is a genus with two species on 
P. hesperomys was associated with deer mice 


(Peromyscus spp.) and P. selenis was a parasite of 


mice: 


microtine mice (Clethrionomys occidentalis and Mic- 
rotus longicaudus). 

From this study of a community of external 
parasites there appears to be additional support for 
the proposition that there is a general tendency for 
the congenerie species in one area to be ecologically 
Even when congenerie species oceur on 
the same host, careful analysis of the data demon- 
strates that such parasites (e¢.g., Huschéngastia spp., 
Monopsyllus spp., and Catallagia spp.) are still 
clearly separated ecologically. In this respect the 
ecologic isolation in external parasites resembles that 
of communities of several 


isolated. 


groups of free-living 


animals. 


SUMMARY 

Fleas, trombiculid mites, and laelaptid mites were 
collected from several kinds of small mammals (three 
insectivores and four rodents) from the northern 
Nevada, California. The parasitic larval 
stages of trombiculid mites attached rather consistent- 
ly to a specifie part of the host, and for the most 
part occurred in the cooler, wetter seasons of the 


Sierra 


year. Host specificities for these parasites are gener- 
ally not well developed. Laelaptid mites were rather 
more host specific but were equally abundant at all 
A given species of flea was usually found 
on one host or several related kinds of hosts. Several 
species of fleas were abundant only during cer- 
tain seasons and were searce or absent at other 
times. Some fleas parasitized hosts of a certain habitat 
(e.g., coniferous forest) and were absent from the 
same host from a different habitat (e.g., brushfield). 

Congeneric species of external parasites were 
ecologically separated and thus did not compete 
with each other. Congenerie species of trombiculid 
mites attached to different parts of their hosts. In 
general, congeneric laelaptid mites parasitized dif- 
ferent species of hosts, but the separation was not 
always clear-cut. Congenerie species of fleas oe- 
curred on different hosts. In instances where con- 
generic fleas parasitized the same species of host, 
one flea species lived on the host only from a cer- 


seasons. 
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tain vegetation type and another species occurred 


on the host from a different habitat, thus 


serving the environmental segregation of the para- 


pre- 


sites. 
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many of the major chemical elements 
in these waters have already been published (Fer- 
guson, Lingham, Love & Vernon 1947). 

3ecause of their special properties these springs 
are collectively a giant constant temperature labora- 
tory. In spite of the actions of the community that 
tend to water a 
maintained by the flow 
In this rare situation it is possible to compare whole 


modify the constant medium is 


fresh from underground. 


communities in a ready made experimental design. 
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The spring “runs” provide gradients of conditions 
from the “boil” downstream. Because the rate of 
flow of each run is relatively constant, a distance 
down the run corresponds to a time interval follow- 
ing the first meeting of sunlight and water. Thus 
the spring run can be used to study rates of water 
change. Several of the runs involve a transition from 
fresh water to sea water of the ocean. Some springs 
have oxygen gradients. Some have fish populations 
and some are isolated from such populations. 

Thus there exists a marvelous opportunity to 
study community metabolism and productivity in 
the ready-made natural laboratory in which whole 
communities can be studied under controlled condi- 
tions. The series of natural experiments that have 
been set up seem ideal for studying the role of the 
factors that control productivity. 

The purpose of this research was to study the 
basic workings of stream ecosystems and factors con- 
trolling individual, population, and community pro- 
duetivity by an analysis of the unique conditions 
supplied by outflow from the largest and best known 
of these chemostatic springs, Silver Springs (Figs. 
1-6). 


Aerial view of the main boil and headwater 
region of Silver Springs, Marion County, Florida, look- 
ing eastward and downstream. 


Fig. 1. 


The general plan was to characterize the chemosta- 
tic flow, to establish the qualitative and quantitative 
community structure, to measure the production rates, 
and to study the mechanisms by which the com- 
munity metabolism is self-regulated. 

Throughout the study an effort 
apply a large variety of techniques to one stable 
environment. In order to do this in most 
methods were not applied with the repetitions neces- 
sary to achieve the maximum aceuracy possible with 
these procedures. However efforts are made to 
specify the levels of accuracy and to draw conclusions 
properly based on reproducible results of sufficient 


was made to 


cases, 


, 
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OKLAWAHA RIVER 


Fic. 2. Map of Silver River ineluding the headwater 
region, the 5 mile ‘‘spring run,’’ the artificial boat 
basin, and the mouth on the Okeawaha River (based on 
an aerial photograph). 


magnitude. Since Silver Springs was located 44 
miles from the laboratory, the work at times took on 
the characteristics of expeditions. 


EARLY ReEcoRDS AND THE STEADY STATE IN 
SILVER SPRINGS 
Although De Soto camped Ocala, there 
is apparently no recorded evidence that either he or 
Ponce de Leon visited Silver Springs. Although 
good accounts of some of the other springs are found 
in the writings of both the elder Bartram and son, 
no deseription of Silver Springs is included (Harper 


near 
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Fic. 3. Map of the upper headwater region of Silver 
Springs showing plant communities, general current pat- 
terns, study stations, and oxygen concentrations. The 
map was contructed October 27, 1951 with hand compass 
and string. Large dots, Pontederia; small dots, Najas; 
fine bars, Eichornia; wavy lines, Ceratophyllum. 

1942). However, some more recent accounts of Silver 
Springs have been found in the literature. J. Leconte 
in 1860 visited the beautiful Silver River and wrote 
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Fig. 4. Underwater view in the main boil area of the 
typical Sagittaria and epiphytic aufwuechs community 
showing the waving grass, the splendid visibility, and 
herbivorous turtles held by the observers (William Ray, 
Jr. and Ginger Stanley). 


a scientific paper in the American Journal of Science 
(1861) on the optical properties of this unusally clear 
like” plants on long 
Waving grass blades. Brinton (1859) deseribes moss 
and “dark green sedge waving its long tresses’ and 
large catfish from a visit in 1856. 
a boil depth of 41 ft., a temperature of 73.2 deg. F. 
gallons 


stream and described “moss 


He also recorded 


and a main boil discharge of 300 million 
a day all essentially similar to recent figures. In 
May, 1864 a Confederate soldier wrote a letter to 
his wife describing the “thick carpet of perfectly 
green grass’ (Anon. 1868). 

There is enough in these descriptions to indicate 
that then as now the broad expanses of stream bottom 
were dominated by dense waving blades of fresh 
water eelgrass (Sagittaria) coated with growths of 
algae (Fig. 4). A continuing prevalence of the grass 
communities since 1900 is 
of underwater photographs in the phamphlets and 
circulars advertising Silver Springs (filed in Florida 
room; Univ. of Florida Library, Gainesville). These 
early observations, added to the evidence of little 


recorded in a succession 


change during the 4 work on the 
project, are direct evidences that remarkable stability 
exists in a very rich and fast growing community. 
Apparently for long periods of time there is a steady 
state. Evidence given below shows the extent to 
which the geological sourees of the outflow water 
provide a constant hydrographic climate and the 


vears present 
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Fig. 5. View looking downstream from the narrows below the main boil showing patches of littoral macro- 


phytes (Pontederia, Nuphar, and Pistia). 


degree to which a climax community has resulted. 
It is symbolic that an old boat captain who guides on 
the river should ask if the waving grass ever grew. 
To him it has always seemed the same. 

If a steady state exists, powerful new approaches 
and methods are possible. Data are cumulative and 
things not measured one day may be measured later. 
New methods of thermodynamics of the steady state 
apply as cited below. Rate techniques involving 
flow systems are directly applicable. Most terrible 
and healthy for the poor ecologist is the realization 
that anyone check his field work at any later 
time, a rare situation indeed heretofore. The princi- 
pal ehange in the upper mile zone, where most of 
the study has been made, is the enclosure of the 
boil with a wall along the northern border with a 
corresponding reduction in the area of shallow, some- 
littoral waters. Hubbs and 
Allen (1943) indicated a decrease in fish species 
associated with the removal of this habitat. . Ap- 
parently the main flowing stream community has 
not, however, been much modified. 

A long history of permanency is of 
guarantee of a future, for when industry and large 
municipalities locate nearby, large springs cease flow 
as the demands on the artesian ground water lower 


can 


what more stagnant 


course no 


the table. This has already happened at Kissingen 
Springs, Polk County, Fla. and Palma Ceia Springs, 
Hillsborough County, Fla. (Cooper, Kenner & Brown 
1953). 

PRODUCTION PROBLEMS IN FLOWING WATERS 

In recent years rapid advances in techniques and 
thinking have led to conceptual schemes based on 
much evidence as to the workings of aquatic c¢om- 
munities in lakes, estuaries, and oceans. By measur- 
ing the flux of energy, the energy partition, the con- 
trolling factors, and essociated resulting biological 
phenomena, overall and characteristic quantitative 
patterns have been discovered. In contrast few 
attempts have been made to study overall community 
metabolism, to measure production rates, or to develop 
community concepts for streams. 

The study of Silver Springs reported here has 
been made with the purpose of determining the basi¢ 
structure and workings of flowing water ecosystems 
by the careful study of one stream under some un- 
usually favorable conditions provided. In_ recent 
years such holistic consideration of the energy flux 
and biomass have provided a fruitful approach to 
the understanding of many types of ecological com- 


munities. A general account of the coneepts in- 
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Map of the upper “4 mile zone of Silver River 

tourist points, the 
The traditional names were 
Active boils are de- 


Fic. 6. 
showing principal 
canals, and study stations. 
supplied by Mr. William Ray, Jr. 
signated by ‘*B.’’ 


“‘hons,?? side 


volved is given by H. T. Odum and E. P. Odum 
(1953). Diagrammatieally, the object of the energy 
approach may be said to be the complete quantitative 
determination of the states and flow in Figure 7 as 
well as the control mechanisms by which such a 
picture is sustained. The story in this paper concerns 
the details and workings previewed in Figure 7. 

A review and summary of the seattered but 
extensive literature on productivity of flowing water 
communities have been presented elsewhere (Odum 
1956a, 1956b), but some principal hypotheses as 
to the workings of streams may be restated here 
before data are presented from Silver Springs. 


1. A hypothesis was presented by Odum and Pinker- 
ton (1955) based on theoretical reasoning that in 
ecological systems there is an optimum but lov 
efficiency that gives the maximum productivity 


AND PRODUCTIVITY OF 
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(power output) and that climax communities as 
well as other steady states tend to be adjusted 
to this 
The productivity per area under the above adjust- 
ment thus is fixed but the productivity per gram 


with the 


state. 


biomass varies inversely size of the 


organisms. Since the photosynthesis per gram 
hiomass may be roughly determined from the size 
of the cell 
power adjustment, the standing crop and_ pro- 


under optimum efficienéy maximum 


ductivity become related and one may theoretically 


determine productivity from standing crop and 


vice versa. 
The 
light is fixed into organic matter by the photo- 


efficiency with which the energy of sun- 


the primary producers may be in- 
the action of the Thus the 
optimum efficiency for maximum power adjustment 


svnthesis ot 
creased by current. 


may depend on the current velocity. In a sense 
the current acts as an auxiliary energy source. 
Very high productivities may occur in streams. 
The ratio of total community production to total 
respiration determines the character 


deter- 


community 
of the 
mining the relative standing crop biomass of the 


biological community present by 
producer and consumer trophic levels. 

The photosynthesis an 
community respiration is the difference between 
Thus a 


difference between the 
imports and exports of organic matter. 
balance sheet may be constructed. 
Longitudinal succession (upstream to downstream ) 
is directed towards a community of mixed auto- 
trophs and heterotrophs and an orgamie content of 
the water of the order of magnitude of 1 to 15 
ppm. 
Under some conditions of climax or steady state 
a community may be established in spite of 
seasonal differences in the input of light energy 
and in spite of a rapid turnover. 
The metabolism of a stream community may be 
readily determined by an analysis of the differences 
between the concentrations of the substances up- 
stream and downstream from the communities. 
In this study the remarkable natural situation 
in Silver Springs is utilized to measure the overall 
productivity of the community as a basis for checking 
and developing other 
ceptual schemes as to the thermodynamies of streams. 
Another study (Odum & Odum 1955) on the flowing 
water community of a coral reef provides data from 


the above hypotheses con- 


a marine environment. <A similar approach has been 
used by E. P. Odum (1954) in terrestrial successional 
communities. Comparative studies-on other Florida 


springs are in press (Odum, 1957). 


CHEMICAL METHODS AND REPRODUCIBILITY 


A fairly large number of replicate analyses were 
made of biologically active chemical constituents in 
the course of the study of community metabolism. 
It was immediately evident from the visible behavior 
of dye in the turbulent current that the mixing of 
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water of slightly different trajectory would be ex- 
pected to produce heterogeneity in successive samples. 
It became therefore to both the 
variation inherent in the routine chemical methods 
as used and the variation due to water dif- 
ferences associated with the heterogeneity of the 
flowing water from second to second. In Table 
1 are given successive duplicate analyses from rela- 
The standard deviations 


necessary assay 


real 


tively homogeneous water. 
and confidence limits given indicate the variation 
inherent in the analytical techniques. The varia- 
tions inherent in the water heterogeneity are pre- 
sented in the section on chemostatie characteristics 
that follows. 

Oxygen was measured with 
method in 125-ce serew capped bottles. 
were added with dropping pipettes; titrations were 
done back in the laboratory. Water samples were 
taken with a U. S. Public Health Sewage Sampler: 
a Kemmerer bottle; a sampler consisting of twe 
bottles on a stick; and in a few cases by direct 
filling. The various shorteuts used sacrificed some 
aceuracy for speed although the errors introduced are 
far less than the large changes observed and the con- 
siderable minute to minute fluctuation as between 
successive duplicate samples. The Ohle (1953) 
method of running a control indicated that there were 
few interfering substances in Silver Springs water 
thus justifying the unmodified Winkler method (Table 
1). Water taken from the floor of the boil was not 
significantly lower in oxygen than that at the surface 
(Table 1). 

During the first two years carbon dioxide was 
collected in 250-ce glass-stoppered bottles and meas- 
ured by the phenolphthalein titration in 100-ce 
samples in 125-ce glass bottles surrounded by match- 
ing samples representing water before and after 
the endpoint. Mr. Gordon Broadhead cooperated in 
a test of technique reported in Table 1. The in- 
herent difficulty with the very faint endpoint and the 
difficulty with the rapid diffusion out of carbon 
dioxide from these carbon dioxide rich waters caused 
the analytical accuracy to be much lower for carbon 
dioxide than for oxygen (see Table 1). The pH 
determined carbon dioxide values from the Moore 
(1939) equations were somewhat more accurate and 
were used in the last of the study. Where large 
diurnal series of samples were collected as a part 
of other operations it was necessary to hold samples 
6 to 18 hours. This practice is less serious in Silver 
Springs than in most waters because of the low 
total organic matter content of 0.8 ppm. The low 
BOD of the water is discussed subsequently. The 
main error arises from the diffusion loss in handling. 
The main difficulty encountered with carrying an 
electronic pH meter into the field was the drift due 
to the mists and fog over the water during night 
work in a moist subtropical area. 

A very expensive effort was directed at nitrate 
Nitrates were first determined with the 


a direet Winkle 
Reagents 


metabolism. 


Ecological Monographs 

Vol. 27, No. 1 
phenol-disulfonie acid method (American Public 
Health Association 1936) and subsequently with the 
more reproducible and rapid strychnidine method of 
Zwicker & Robinson (1944). Because of small 
biological utilization (compared to oxygen) and be- 


TABLE 1. Variation Inherent in Analytical Pro- 


ecedures® 





| Maximum 
| percent 
| deviation 
expected 
| for 959% 
Mean | Standard of the 
| Deviation | analyses 


CARBON DIOXIDE 
Titration of 100 cc samples with .02N NaOH 
and phelnopthalein. ppm 
Twenty duplicate samples were drawn from 
the same gallon jug and titrated by two 
persons, 
(1). Silver Springs Water: 
By Broadhead: 7.8, 7.6, 7.9, 8.1, 7.7, 8.1, | 
8.0, 8.3, 7.6, 7.8, 7.88 
By Odum: 6.9, 7.6, 8.3, 7.4, 7.5, 7.9, 7.3, | 
i Re ihe a | 7.48 
(2). Crystal Springs Water | 
By Broadhead: .97, .88, 1.75, 1.50, 1.14, | 
1.41, 1.14, 1.41, 1.50, 1.14, 1.14, ee 
By Odum: 1.14, .88, .88, 1.06, 1.14, 1.58 
-88, 1.14, 1.49, 1.14, 1.2 


| 
| 


OXYGEN 

Unmodified Winkler Method; 125 cc bottles 
Direct 

Winkler procedure as routinely carried out 
using 125 ec screw cap bottles and dropping 
bottles 

duplicate analyses on water from the same 
gallon jug 
5.22, 5.25, 5.31, 5.27, 5.32, 5.38, 5.28, 
5.37 
duplicate analyses on water from the same 
carbuoy 
7.40, 7.35, 7.39, 7.38, 7.41, 7.41, 7.33, 
7.28, 7.36, 7.31, 

Comparison of sampling methods: Homosassa 
Springs Boil bridge, Feb. 2, 1954, W. Sloan. 
This includes variation due to water 
heterogeneity. 

filled by hand ‘air escaping in bubbles) 
4.60, 4.90, 5.25, 5.15 ppm 

filled with Sampler 
4.78, 5.12, 5.00, 4.98 

Comparison of Direct Winkler method with 
Ohle Iodine-iodide method 

All samples from downstream station at Silver 
Springs 

Direct method: 
5.19, 5.48, 5.15, 
5.20, 5.28, 5.34, 

Ohle method: 
5.18, 5.37, 5.58, 
5.38, 5.21, 5.36, 

Test of boil samples taken at 1 ft. depth and 
30 ft. depth 

1.82, 1.77, 1.66, 1.78, 1.33 

1.79, 1.88, 2.44, 2.09, 1.79 








pH with Beckman model G, and thus a test of | 
pH determined CO2, duplicate analyses 
from the same carbuoy 
8.22, 8.28, 8.29, 8.32, 8.33, 
8.33, 8.34, 8.33, 8.33, 8.33, 8.310) .036 1 
* Also see Table 8 for duplicate analyses of Silver Springs water, separate samples 
collected simultancously at one station. 
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Fig. 7. Energy flow diagram with estimates of energy flows in kilo-calories per square meter per year in 
the Silver Springs community. The small diagram contains symbols used in text discussion (P, production; 
I, energy intake; A, consumer assimilation; R, respiration). 


Energy flows are estimated very roughly for purposes of indicating orders of magnitude only on the basis of data 
given below: Conversion factors used are: 5.8 Cal/gm protein; 4.0 Cal/gm carbohydrate; 3.1 Cal/gm oxygen metabolized 
as protein; 3.4 Cal/gm oxygen metabolized as carbohydrate; 23% ash in Sagittaria-aufwuchs. 

Incident light of visible, usable wave length: 4.1 x 10° Cal/m*/yr (Mean incident insolation of 1.7 x 10° Cal/m?/yr 
for 29.20 N, Lat. from Kennedy, 1949, for the 10 days on which diurnal curves were obtained in Table 10; % taken as 
usable for photosynthesis; 60% penetration to mean productive depth of 1.8 m; 10 to 30% diminished by shading of the 
trees) . 

Gross primary production: 20,810 Cal/m?/yr (6390 gm/m?/yr from Table 15 minus 1470 gm ash; 13.3% protein from 
quotients of Table 10). 

Import of allocthonous organic matter as bread fed to the fishes every day: 486 Cal/m?*/yr 
gm/loaf, mostly carbohydrates). 

Total community respiration: 18,796 Cal/m?/yr (6000 gm/m*/yr from Table 15; 23% ash; 13.3% protein. The 4% 
discrepancy in Table 15 is taken up here for purposes of balancing the diagram by substracting 794 Cal/m?*/yr). 

Total herbivore production: 1478 Cal/m?/yr (Sum of production of larger and smaller herbivores). 

Production by larger herbivores: 268 Cal/m?/yr (Mean of 141% turnover/yr for some of the dominant herbivores from 
Table 13; mostly protein; 34 gm dry/m? standing crop of larger herbivores from Table 7). 


(70 loaves per day; 365 
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TABLE 1. (Continued) 





Maximum 
percent 
deviation 
expected 
for 95° 
of the 


analyses 


Standard 
Deviation 


Mean 


NITRATE 
analyses prior to Sept. 1, 1953 by phenoldi- 
sulphonic acid method; after this date by the 
strychnidine method 
Phenoldisul phonic acid method 
5 duplicate analyses on samples from the 
same bo‘tle, March 24, 1953. 
.57, .65, .53, .59, .62 ppm 
10 duplicate anelyses on samples fron 
the same bottle, Silver Springs, 
Feb. 12, 1953. 
57, .ol, .54, .44, .46. 
32, .41, .51, .32, .28 
Strychnidine Method 
10 samples from the same carbuoy 
optical densities: 
110, .095, .088, .097, .094, .120, 


139, .102, .110, .090 O15 -O149 


cause of the inherent variation both in the water and 
in the methods, it was possible to show differences 
only statistically with whole series. Consequently. 
the about 
tentatively drawn. The large series of values do, 
however, give a good general picture as to the fluctua- 


conclusions nitrate metabolism are only 


tion of a biologically active trace element in a stable 


ground water outflow and in the stream after a * 
5 ce of water, 5 ce of strychnidine reagen 


{ 
t 
¢ 
t 


mile flow. 
and 5 ce of low nitrate sea water were addéd uni 
formly in 20-ce glass vials and read in a Klett-Sum- 
merson colorimeter after about 5 hours. With each 
series of about 20 samples were run 2 blanks and 
A graph was thus plotted for each 


? 


3 unknowns. 
Interference from contamination from glass 
is not so the high nitrate 
Silver Springs as with marine waters. 


series. 


serious with levels of 


Inorganic phosphate determinations were made 
with the ammonium molybdate method (Robinson & 


Kemmerer 1930). A series of digestions on Silver 


Production by smaller herbivores: 2110 Cal/m*/yr (9100% 
crop of smaller herbivores from Table 7). 
Herbivore respiration: 1890 Cal/m?/yr 
midges and caddisflies with tubes, .60 for snails, 
Total intake by herbivores: 368 . Cal /m*/yr 
Carnivore respiration : 
Lucania as possibly representative of carnivores; 
Carnivore production: 67 Cal/m?/yr (110% 
vorous; 10.7 gm/m* standing crop). 
Carnivore intake: 383 Cal/m*/yr (Sum of 
Top carnivore respiration: 13 Cal/m?/yr 
from Clausen quoted by Hart (1952); 
Top carnivore production: 6 Cal/m?/yr 
tein). 
Top 


(1.5 mg 
3.54 
(Sum of 


mostly 


carnivore 
(.065 
mostly 
(Turnover 


bass 


carnivore intake: 


Mud surface bacterial respiration: 2300 Cal/m?/yr 
protein). 

Aufwuchs bacterial respiration: 
terial standing crop in the upper 1 cm of 
to equal that of the mud). 
production : 

Decomposer intake: 5060 

Producer plant respiration: 
respiration components in Figure 

Export of organic matter: 

Net plant production: : 

See text section on energy 


2300 Cal/m*/yr (.5 gm 


mud; see Tables 


160 
Cal/m?/yr 
11,491 


Cal/m*/yr (Assumed 9% 
(Sum of 
Cal /m?/yr 


Decomposer 


/m?/yr 
Cal/m?/yr (Difference 
flow 


turnover 


gm dry/hr 
for gammarids; 
herbivore 
316 Cal/m?/yr (1.10 mg/dry gm/hr oxygen metabolism from 
protein ; 
turnover/yr for stumpknockers as 


mg/gm wet/hr or .33 
protein ; 


69.5% from 


(.079 
dry /m? 

bacterial 
production and 
(Difference 


(766 gm/m?*/yr 


between 
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Springs waters (Odum 1953a) indicated that 93% 
of the dissolved phosphorus was inorganic so that 
subsequent analyses were made of inorganie phos- 
phorus only. As with the nitrate analyses the biologi- 
cal action of the community was too small relative 
to the fluctuations in the methods and waters to show 
anything but small statistical trends. Three standards 
were run with each series of analyses. 

Attempts to use polyethylene bottles were en- 
tirely unsuccessful and all data with these were dis- 
found that nitrates and 
phosphates are very rapidly removed by those bottles, 


carded when it was 
far more rapidly than in ordinary glass bottles. 

with Taylor 
procedure; alkalinity was deter- 
pH was deter- 
Dis- 
hot 
acid permanganate oxidation method (1937 standard 


Versenate hardness was determined 
Co. reagent and 
mined with methyl purple indicator. 
mined with a Model G. instrument. 


solved organic matter was determined with a 


Beckman 


methods) as well as by BOD. 

Chlorophyll with a Beckman 
spectrophotometer by of Richards & 
Thompson (1952). Pseudoplankton was caught on 
millepore filters; the whole filter was then dissolved 
The supernatant was 
The super- 


was determined 


procedure 


in acetone and centrifuged. 
then dissolved in acetone and centrifuged. 
natant was then compared in the spectrophotometer 
with a blank the filter Other 
methods are as indicated subsequently. 


made from alone. 
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per year from Table 13; 2.3 dry gm/m? standing 


oxygen metabolism obtained from an of .35 for 


mostly protein) 
respiration and 


average 


production ) 

.39 for stumpknockers and 1.81 for 
10.7 gm/m? standing crop of carnivores from Table 7). 
representative although partly herbi 


respiration and production). 


mg/dry gm/hr oxygen metabolism for black 
1.5 gm/m? standing crop of dry top carnivores from Table 7 


tagging recovery (Caldwell et al., 1956; mostly pre 


21 Cal/m?/yr (Sum of top carnivore respiration and production). 
Decomposer respiration: 4600 Cal/m*/yr (Sum of mud and aufwuchs bacterial respiration estimates). 
gm oxygen /m?/hr 


from bell jars in Table 11: assumed half 


same as the bac 


Table 13 


bacteria the 
bacteria assumed in 


standing 
and 9; 


crop of grass 
metabolism of grass 
efficiency ) 
respiration 
total 


estimates ) 


between community respiration and that of other 


Table 15: 
and plant 


13% protein, 23% ash). 


exported from 23% 
respiration estimates). 


production 


gross 


diagram for further discussion 
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Neil, and J. Yount; spectrographie analysis by J. G. 
A. Fiskel; and radioactive counts by H. Moul. Algae 
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A. Laessle, mosses by L. Anderson, herpetofauna by 
W. T. Neil and J. Crenshaw, larger crustacea by H. 
Hobbs, hemiptera by J. Herrick and R. Hussey, 
midges by O. A. Johannson and W. Sloan, copepods 
by H. C. Yeatman, snails by J. P. E. Morrison, 
and fishes by W. Sloan and D. K. Caldwell. 


PROPERTIES OF THE CHEMOSTATIC 
OUTFLOW 
SILVER RIVER 

Silver Springs and its river are pictured from 
aerial view in Figure 1 and from an underwater view 
in Figure 4. The map in Figure 6 indicates the 
names of the boils following the custom of the boat 
enides as they earry their tourists about in glass 
bottom boats. The communities of aquatic plants in 
the upper zone are pictured in some detail in Figure 
3. Some views of the shores mostly in their natural 
condition are given in Figure 5. 

There is an extensive and interesting series of boat 
trips in glass bottom boats as the main attraction in 
A running account 
Most of 
what is said is picturesque and designed to enter- 


this highly commercialized area. 
of the sights is given by the boat captains. 
tain. The large volume of tourism has actually been 
an advantage as it has provided continual observa- 
tion by interested boat guides who have made many 
interesting The 
electrically driven so that the water is not affected 


comments. boats are almost all 


by exhausts. The large volume of boat-hours is itself 
‘a pretty constant factor throughout the year during 
daylight hours. 

Five miles downstream the river joins the humie- 
Oklawaha River and 
unusual properties. In times of drought, however, 
(as in the summer of 1955) the river flow is so minor 


watered loses many of its 


that the clear spring water dominates the com- 
munity for many more miles. 


THERMOSTATIC CHARACTERISTICS 


In the bulletin on the chemical character of 
Florida Springs (Ferguson ef al. 1947) 19 tempera- 
ture measurements were reported for Silver Springs 
for 1945 1946 ana 233° C.. .A 
few temperature this 
condition 


and between 22.2 


measurements made during 
continuing thermostatic 


Temperature 


study showed a 
through the 5 years studied 1950-1955. 
observations for the boil are as follows: 

Observations made from a boat trip down the 


Silver River before dawn on a cold night in winter 
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when the maximum degree of cooling would be ex- 
pected revealed a drop of 1° C in In the 
middle of a clear hot day in summer (June 30, 1952), 


when heating might be expected to be maximal, there 


5 miles. 


rise in 5 miles in spite of an air 
temperature over 100° F. The turbulent flow of the 
stream is adequate to mix throughly all the waters 
except in a A ther- 
mistor bridge was constructed and a horizontal map 


was only a 1° € 


few nooks along the shore. 


was made of the temperatures of the surface waters 
of the head region. The thermistor was hung from 
the bow. The boat was rapidly criscrossed through 
the stream with one observer reading the thermistor 
readings and another plotting the values on a map 
as shown in Figure 8. In spite of some heating in 
the areas of more slowly moving water, the water 
does not remain stationary or stratified enough to 
develop more than about 1° F rise in the backwaters. 
There is an opportunity here for study of rates of 


heat transfer thermostated water surfaces 


that should be followed further. 
On some of the carbon dioxide graphs described 


across 


below a series of sharp fluctuations around sunset 
in downstream valves suggested that cooling is per- 
mitting some water trapped among plants to eddy 
back 
Unhke the hot springs which have been studied or 


into the main stream causing heterogeneity. 
the rather cold springs of northern Europe, Silver 
Springs has a sufficiently high temperature so that 
the spring phenomena are comparable to the phe- 
nomena of interest in other communities during their 
main growth seasons. 


CURRENT AND DISCHARGE 


Half of the volume of the Silver Springs dis- 
charge arises from the main head boil and the rest 
from a number of smaller boils in the head region. 
The smaller boils are a complicating factor in many 
measurements, but provide additional natural experi- 
mental situations. 

The U.S. 
study of the total discharge relative to stage height 


Geological Survey has made a careful 
and makes regular measurements of the stage at the 
downstream 
The 


picture of this discharge during the period of study 


same station where most of the mea- 


surements of this study were made. seasonal 
is given in Figure 9. It has been previously dem- 
that the Silver 
rainfall and evaporation balance (Ferguson et al. 
1947). Thus the outflow, although far more stable 
than that in constant (Fig. 
9) but has a tendeney toward a maximum discharge 


onstrated River reflects the erratie 


surface rivers, is not 
in the fall and minimum at the end of the hot dry 
After some quick 
an influx of some nonartesian, darkly-stained and 


spring. rains there is, rarely, 
turbid water, although this is minor and restricted 
to a 
Small changes in stage of the stream result in rel- 
atively flow volume although 
the current velocities are less affected. The mean flow 
4 ft per second 


few places and a few hours following rain. 


differences in 


large 


at a representative eross section is 
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Fic. 8. Map of the horizontal distribution of water 
temperature on a hot summer day, 3:00 p.m., June 8, 
1955. The isotherms are based on 500 plotted tempera- 
ture readings in degrees Fahrenheit made rapidly with a 
thermistor suspended 6 inches below the prow of a 
small boat. The boat driven by an outboard motor was 
rapidly crisscrossed, one observer reading the microam- 
meter and one plotting the figures. The entire area 
was covered in about an hour in a downstream direction 
so as to keep approximately abreast of the drift of the 


same water mass, 


(.21 m/sec). If one may judge from chemical 
data below on trace elements, there is little qualita- 
tive difference in the outflow during the annual cycle. 

The horizontal distribution of current velecity may 
be inferred from the horizontal map of temperature 
in Figure 8 on hot summer days where the stagnant 
water becomes a few tenths of a degree warmer before 
it finally passes out of the head region. These 
detailed patterns of current trajectory are important 
in relating overall community metabolism to its com- 
ponent parts, and are a major controlling principle 
in the community. 

Vertical patterns of current (Fig. 10) were de- 
termined with visual observations of fluorescein dye 
from a dropping-bottle pipette carried by an under- 
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*4 mile headwater zone of Silver Springs River; data 
obtained by the U.S.G.S., Ocala, Fla. (see acknowledge- 


ment). Discharge in cubic meters per hour. 


water observer and with a propeller-type midget 
current meter. 

Considerable variation in velocity is found even 
in the main current due to the different depths as 
indicated by the longitudinal profile in Figure 11. 

The total discharge of about 600 million gallons 
per day is often cited as equal to the total industrial, 
agricultural, and municipal water use of the state 
of Florida. Of course as rivers go this is a small 
river, but as springs go this is among the largest in 


the world. 
CHEMOSTATIC PROPERTIES; THE VARIOUS BOILS 


In their study of the chemical characteristics of 
Florida Springs, Ferguson et al. (1947) cited many 
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Fig. 10. Transects across Silver Springs showing the 
distribution of current velocities and some principal 
The transect at the boat landing station was 
made June 29, 1955; the current velocities were measured 
visually 1 ft below the surface with dye. Counts of the 
small fishes along the shore were made with a 10 x 10 
ft frame visually on April 9, 1953. Littoral algal mats 
on April 5, 1954 were dominated by Spirogyra, Oedo- 
gonium, and Rhizoclonium. 











organisms. 


DISTANCE DOWNSTREAM IN METERS 














Bottom profile in the middle of the channel of 
of Silver Springs, measured by 
1950. 


Fig. 11. 
the headwater zone 
Caldwell and Hellier in June, 
cases where chemical analyses of the major dis- 
solved ions as much as 40 years apart showed within 
the error of the methods little or no change in 
chemical composition. Two such analytical series for 
Silver Springs’ main boil have been copied in Table 
2 along with spectrographic analyses by J. A. Fiskel 
and a few determinations made during the course 
of this study. The general constancy seems estab- 
lished for the major constituents. To further con- 
firm the chemostatic nature of the ecosystem, efforts 
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Main Boil in Silver 
Unless Otherwise 


Characteristies of the 
Expressed in ppm 


TABLE 2. 
Springs, Florida, 
Specified. 





1950-1955 


16, 1907} Oct. 21, 1946 


Constitutent Dec. 
Calcium 68 72 
Magnesium 
Sodium 0) z 
4 5.1 
Potassium 1) 
Total Hardness 


as CaCOz 


Temperature 23.0 

Radioactivity. Not detected4 

Total Alkalinity 216 2 195¢ 
as HCOs | 

Free CO2.. 

pH 

Sulfate. 

Chloride : af | 9.6b 

Silica... : Pte 

Dissolved Oxygen 2.24 

Oxidation Potential 0.436 


(volts | 


Dissolved Solids 27 237 241 

Bacteria colonies per ml plated 
on caseinate agar. . 

Algal cells per ml. 

Specific Conductance 
Micromhos at 25 deg. C. 

Color (USGS Seale) 


| 
| 
} 99 


Minor Constituents in Parts 
Per Million 

Strontium 
Boron 
Nitrate-Nitregen. 
Nitrite-Nitrogen 
Kjeldah! N 
Phosphate-Phosphorus 
Dissolved Organic Matter 


0.0145" 
0.46" 
0.0015¢ 
0.002 
0.054™ 
0.62: 
0.29P 
0.00029" 
0.30" 
0.0010P 
0.007» 
0.002P 
0.002» 


Iron (Fe) 
Chlorophyll. . 
Aluminum 
Manganese 
Copper 
Silver 
Molybdenum. . . 
Cobalt, tin, mercury, zinc, lead, beryllium, arsenic, nickel, palladium, cadmium, 
germanium, indium and bismuth were not detected in the spectrographic analysis 
by Dr. Fiskel.e 


* Ferguson, Lingham, Love, and Vernon, 1947. 

b Most measurements were made on water taken in the boil near the surface. 
Some mixing has already taken place here with previously emerged water recircu- 
lating in eddies so as to be drawn into the main stream of newly emerging water. 
Thus a few cells could be found in the turbulent outflow of the boil. See Table 4 
for oxygen differences between the surface and bottom of the main boil. 

¢ Versenate, Feb. 12, 1953. 

4 Determined roughly with a survey meter by H. Moul. The residue from the 
evaporation of 4 liters was not different from background of 32 counts per minute. 
5 different samples were evaporated. 

¢ Methyl purple indicator, Feb. 12, 1953. 

f Delayed analysis. Since this property changes with time as described in the 
text the e act value may be questioned. 

« Phenolpthalein titration with KOH; see Table 8. 

h Feb. 12, 1953; see Figure 26. 

i Feb. 25, 1954. 

i Winkler, method, see Table 8 

1 Odum (1951). 

m See Table 8. 

» Odum and Parrish (1954). 

o Alpha napthylamine acetate method yor methods). 

P Spectrographic analysis by John G. Fiskel, Univ. of Florida Agricultural 
Experiment Station, Gainesville, Fle., of ane emaiel and ashed four liter sample. 
These figures should be considered as orders of magnitude. Quantitative estimations 
were based on densitometer comparisons with standards consisting of mixtures of 
constituents in proportions often found in soils. 
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magnitude and 
active 


establish the 
and biologically 


made to 
minor 


have been 
variation in the 
elements. 

It has been shown by Ferguson et al. (1947) 
that adjacent boils a few yards apart may or may 
not have similar chemical composition. A striking 
case of this phenomenon was analyzed in the pres- 
ent project at Chassahowitzka Springs, Citrus 
County, Florida (Odum 1953b) where one boil con- 
tained a flow with 53 ppm chloride and a nearby boil 
contained a flow with 750 ppm chloride. The various 
small boils that contribute water to Silver River 
are marked on the map in Figure 6 and some data 
on water from the boil basins are given in Table 3. 


TABLE 3. Biologically active constituents in the 
various boils of the headwater area of Silver Springs, 
Fla. For boil locations see Figure 6. 





Oxygen” Carbon Dioxidec| Nitrate-N4 
Name of Boil ppm ppm ppm 

| night night day | night day 

Main Boil* 2.26 2.65 | 9.58 9.15 | 469.491 

Smaller side boils: | 

Reception Center 9.2 gh ‘ 365 

Of 7h, 368 
| 10.98 | 

Bridal Chamber | 4.05¢ ; 6 

| 0.64 

Ladies Parlor...........| 4. ‘ of 

9.68 

Devils Kitchen. ........| 4.05 : 2f 

9.6! 

9.62 


Blue Grotto 


Christmas Tree Springs 
Fisherman's paradise 1.. 


Fisherman's paradise 2.. 


Mean of smaller boils™ 








® Mean of data in Table 8. 

b Direct Winkler method. 

¢ Phenolpthalein titration. 

4 Strychnidine colorimetric method. 
¢ March 15, 1954, 2-3 a.m. 

f March 29, 1954, 3 a.m. 

® May 20, 1954, 11:30 p.m. 

h Feb. 25, 1954, noon. 

i Feb. 18, 1954, noon. 

i April 5, 1954, noon. 

k March 13, 1954. 

1 May 23, 1954. 

m Average of the mean analysis for each boil. 
» April 5, 1954, 6:00 p.m. 


Clearly some boils are distinctive and different from 
the main flow. Also it is apparent that some boils 
have a strong enough flow relative to the volume 
of the boil basins so as to be independent of day 
and night changes associated with the dense com- 
munities flooring the basins and boil sides. 

Table 4 indicates the changes which occur in the 
5 miles of run downstream due to ground water 
rock fissures and some actions of the 


flows from 


Ecological Monographs 
ol “, 


ol. 27, No. 1 


community. Like the temperature, the major chemi- 
‘al properties are little changed in the 5 miles of 
run. The headwater region where the main study was 
made is even more constant. 

That the trace and biologically active elements 
as well as the major elements are relatively constant 
over long periods of time may be inferred from data 
from the main boil in Figure 12. There seems to be 
some trend in the oxygen curve and possibly other 
curves that is related to the total discharge indicated 
in Figure 9. The sampling of water was done from a 
boat above the main outflow. Because of the large 
eddies within the spacious boil area pictured in 
Figure 1, the water sampled included some water 
that had emerged previously and passed along the 
plants to be drawn into the outflow again. This 
is known to oceur because plankton tows in the 
outflow water yield a few algae typical of the main 
communities. Thus the short time variability ob- 
served as indicated in the data in Figure 13 may 
involve a heterogeneity in the outflow water as well 
as heterogeneity created by drawing in lateral water. 
The relative action of these two possible sources of 
heterogeneity was not ascertained. From the stand- 
ard deviations in Table 8 the percent variations of 
95% of the samples are given. 

From the point of view of the organisms, the 


microhabitat concentrations are of importance. Some 
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Fig. 12. Chemical characteristies of the main boil out- 
flow during the period of study. 
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TABLE 4. 
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Characteristies of the water as it flows down Silver River in the main channels. 





PHosPHoRUs® 

Distance 
BELOW THE 
MAIN BOIL 


N* ppm 


NOs-N® ppm 


Total ppm 


NO: 


| Cl* ppm 


/0.0024/200.4 | 161.60.041 
-0007/200.6 | 162.4 

-001 (210.6 | 160.0.0.045 
0 216.0 | 158.8 

0 }205.8 | 149.2)0.045 
201.2 | 144.0 
205. 144.0 

201. 144.0/0.040 

0.051 

203.6 | 144.0/0.043 

0.042 

-0035/ 200. 131.2,.0.041 
31 10.2 |0.0012/201.8 | 142.8 


a Oe 
» 9 = 


0.040 (0.048 


4. 7 
4.5 -50 10. -0005}205. 141.2 

5.0 . 24 10.3 -004 |203.6 | 146.0,0.043 (0.046 
Mean .408 | 10.76/0.0013/204.35; 148.4'0.0431/0.0466 


a February 12, 1953, daytime. » August 9, 1952, 2:30 p.m., cloudy. 
e Dec. 3, 1952, 7:30 a.m., air T, 13.0 deg C. clear. 


b June 30, 1952, clear. 
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Fig. 13. Fluetuation of water quality in Silver Springs 
over short periods of time. Nitrate data were obtained 


April 9, 1953. 


analyses were made in a few representative miero- 
habitats to gain some idea of the extreme range of 
these localized effects. These are given in Table 
5. The action of the community photosynthesis in 
the day and respiration at night is large although 
there is enough exchange even in plant beds in the 
back waters to prevent the lethal ranges of oxygen 
and complete nutrient depletion that result when 


communities are entirely enclosed. A typical com- 


OXYGEN PPM 


¢ Inflow of 6 ft. artesian well. 
f Dec. 3, 1952, afternoon cloudy air T, 22.5 deg C. 


CARBON-DIOX- 
TEMPERATURE DEG C IDE PPM 
- | 


| 


summer 
day 
summer 


2, 1952, 7:30 a.m., air, T12.0 deg C. 


* May 23, 1954, clear 2:00 p.m. 


munity bottom portion enclosed in a bell jar at 
night had depleted the nitrate and oxygen in 8 
hrs. The downstream changes of the community as 
a whole are detail as a device for 
studying community metabolism in a later section. 
Although there are fluctuations associated with eddies, 
slight seasonal patterns of change described below, 
and microhabitat differences, the chemical character 
at any one place is essentially constant. On the 
average the hydrographic climate is more chemostatic 
than most lakes, streams, and marine environments. 

The higher phosphorus values in Table 8 for 
Noy. 27, 1953 are atypical, unexplained and possibly 
due to experimental errors. On Oct. 1, 1953 after 
general heavy rains there occurred one of the periods 
when Silver Springs reaches a temporary maximum 
high water for a day or two. Phosphorus measure- 
ments were made which did not differ significantly 
from those made at other times. 


considered in 


LIGHT AND TRANSPARENCY 

The extreme clarity of the Silver Springs water 
permits intense insolation of the sub-tropical sky 
to reach the entire community. One can read print 
on the bottom of the spring from the surface. The 
transparency of the water is indicated by the data 
on light transmission in Figure 14. A comparison 
of winter and summer indicates slight differences 
in percent transmission due to the angle of the 
sun and due to localized effects of trees around this 
community. Because of the bits of pseudo-plankton 
that are stirred into the outflow the measurements 
in Figure 14 represent the boil community but not 
the actual nature of the overflowing undergroun:d 
water. A comparison of the data with averages 
given by Grice and Yentsch (1956) shows that, clear 
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TaBLe 5. Characteristics of Microhabitats. Concen- this horizontal Secchi dise reading is about 105 m 


trations in ppm. 
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Location ‘arb 
| dioxide | | 
Main boil values for comparison | | 
(from Table 8):....... 2.46 9.37 | 48 | .055 
—__——__— — a - _ | — | — _ 
Among plants in Pontederia marsh, | 
Daytime:... 6.74 0.0 | | 
oe ee |——--/— " 
In heavy Najas beds at the boat landing | | 
station (see figure 3 and 6), | | 
Daytime: | 8.15f 4.4f | -15f | .027« 
8.07! | 2.56 | .15f | 
8.002 | 2.8h 
6.70) | 4.4% 
6.16¢ | 2.06 
7.26° | 0.0° 
} 6.340 1.1° } ; 
ee aces 
| 
ee 7.24 2.5 15 | 
Night’time:......... 1.13¢ | 12.5¢ | .13e | 
1.38¢ | 11.68 | .16¢ | 
~ |__| | 
oe ee ne . 1.25 12.1 15 
In Sagittaria beds on the southeast side | | 
of the boil: } 
Daytime:..... : ....| 2.697 | 9.94 -33> 
| 2.79? | 10.64 | .36b 
| 3.025 | 11.2b | .g4b 
| 2.69> | g.6b | 35: 
| uae. | 11.1> 
—_—_—_|—___|___ 
mean:..... 2.80 | 10.2 35 
Night'time: 1.75" | 14.7¢ .39¢ 
1.308 | 12.5¢ 42¢ 
CL be Soke cask napobes 1.53 13.6 41 
In bell jars over Sagittaria beds on the 
southeast side of the boil 
Daytime, after 240 minutes enclosure 6.80 | 6.7 15 -031 
in the afternoon May 2, 1954:...... 6.25 | 6.7 22 .028 
7.02 4.8 22 .038 
mean:.... Oe EES Ts ioe 6.69 6.1 20 -033 
Night’time after 310 minutes May 13, 
PGS As cobéewe ; 75 14.1 27 -040 
-98 | 13.8 21 -022 
1.10 | 16.4 .12 .080 
mean:..... 94 14.7 .20 047 
u 




















® March 29, 1954, 3:00 a.m. 

b May 2, 1954, 2:30 p.m. 

© May 20, 1954, 11:30 p.m. 

4 April 9, 1954, 10:30 a.m. 

e March 15, 1954, 3:00 a.m. 

f February 25, 1954, clear noon. 

« June 30, 1952. 

b December 3, 1952, 3:30 p.m., cloudy. 
i November 13, 1952, 8:00 a.m. 

k December 3, 1952, 7:30 a.m. 

1 August 9, 1952, 2:30, cloudy. 

m May 23, 1954, 2:00 p.m., scattered cumulus. 
» May 15 1952. 

December 17, 1952, 2:30 p.m., clear. 
P October 22, 1953, 2:00 p.m., clear. 


as it is, Silver Springs absorbs more light than 
some marine waters. It is possible to use a 
Secchi dise since the spring is only 40 ft deep in 
any place other than some crevices in side boils. 
However, a horizontal Secchi dise reading may be 
made by a swimming observer underwater with a face 
mask. In the zones of the Silver Run 


upper 


and fluctuates rapidly as the turbulent eddies of 
the flow bring water masses of slightly different 
trajectory. The clarity and warmth of the water 
is a great advantage. One may work with face 
mask in this community with as much intimacy 
as in terrestrial environments and coral reefs. One 
has a much higher degree of confidence with sampling 
here than in turbid streams. Light measurements 
were made with a photometer containing a Weston 
cell No. 594YR with visible spectral sensitivity. An 
extinction coefficient of 9.06 below one meter was 
computed following Sverdrup et al. (1946). Grice 
and Yentsch (1956) found 0.077 in Wakulla Springs. 
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Fig. 14. Light transmission in Silver Springs. Log of 


the visible light intensity (in microamperes registered 
by a submarine photometer) plotted against depth. 
A rough estimate of foot candles is also plotted using 
25 foot candles per microampere (calibrated with a 
standard lamp). A diaphragm with a shielding of 1/103 
and a frosted glass filter with 63% transmission were 
used. Times and locations were: A. Boil, 1:10 p.m., 
May 23, 1954, clear sky. B. Main boil, 2:40 p.m. Decem- 
ber 19, 1953, clear, windy. C. Main boil, 4:45 p.m., 
December 19, 1953, clear, windy. D. First Fisherman’s 
Paradise boil, 5:45 p.m., December 19, 1953, dusk, clear, 
windy, without diaphragm shield, values divided by 
103. E. % mile station, May 23, 1954, 4:50 pm. fF. 
Bridal Chamber boil, 4:30 p.m., May 23, 1954, clear sky. 
G. Catfish Reception Hall, 12:20 p.m., February 25, 
1954. Boat Basin, 2:30 p.m., overcast, August 11, 1955 
(see Figure 2). 


Because of the clarity of the water there is little 
diffraction and the light reaching the photometer is 
direct sunlight. The ripples on the surface act as 
lenses as described by Minnaert (reprinted 1954) pro- 
ducing rapid fluctuations in the microammeter record- 
ing the rapid variation of light. Thus the com- 
munity is one of flashing light except on cloudy 


days. Light reflection also is increased by ripples 
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of windy days. The flashing was averaged by eye 
in obtaining the readings plotted in Figures 14 and 15. 
In Figure 14 a rough pattern of transmission with 
depth is given which is somewhat similar to curves 
found in open waters. However, the relatively nar- 
row walls of the deeper portions modify the light 


fields. 
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Fig. 15. Comparison of summer and winter light 
curves at the surface and at plant level in Silver Springs. 
Roughly equivalent foot candle values are given (see 
Figure 14). The dotted symmetry lines indicate the 
mirror reflection of the afternoon light curve for the 
morning. The area between the morning light curve and 
the symmetry line indicates the magnitude of shading 
by trees which is especially shadowing in the morning 
beeause of the springs orientation in a west-southwest 
to east-northeast axis. 


One of the most elegant characteristics of these 
springs as a natural laboratory is the ability to 
separate the ecological effects of light from those 
of temperature at the community level for the 
temperature is constant and the light varies seasonal- 
ly both in intensity and in photoperiod as shown in 
Figure 15. 

The following procedure was 
useful photosynthetic energy reaching the plant levels. 
First the energy for a given type of sky for this 
latitude and day of the year was obtained, and then 
the percent of the photosynthetic range of wave 
lengths reaching the community was found. The 
trees are an irregular factor in the calculation acting 
more when the sun is low on the horizon than when 


used to ecaleulate 
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it is overhead. When the sun sets in the west in the 
afternoon it shines down the stream so as to strike 
the community directly with few trees interfer- 
ing. Since the sunlight curves would be symmetri- 
‘al if there were no trees, one may draw a morning 
curve as a mirror image of the afternoon curve in 
order to determine what percent of the day’s insolation 
is caught by the trees during the morning. This is 
done in Figure 15; the shading effect is about 29% 
in winter and 10% in summer. 

The aerial photograph in Figure 1 shows the 
spring as very dark, indicating that the light was 
absorbed and not returned. This phenomenon is 
easily demonstrated by inverting the photometer over 
the community surface under water. A_ negligible 
reading is found. The waving blades of eelgrass 
(Sagittaria) and algae in Figure 4 are highly efficient 
in absorbing the light. As a bed of waving greenery 
the community stands about 3 ft off the bottom 
of the (Fig. 4) even though many blades 
may be much longer. If the photometer is let down 
into the plant bed 2 ft the reading is again 0, in- 
dicating that the natural and mobile thatching serves 
as an opaque roof to the muck surface. Fishes and 
other organisms pass unnoticed through these bottom 


muck 


tunnels. 

Work at night was earried out with battery 
operated headlights. In the low conductivity of this 
fresh water, these devices work readily for the un- 
derwater swimmer. In general all the fishes were 
repelled by these lights and usually remained out of 
sight in the twilight at the end of the beam. 


HYDROGRAPHIC MICROCLIMATES 
Among the Sagittaria beds, which range from 0 
to 15 feet in depth below the surface, there is a 
characteristic micro-environment. The water among 
the plants tends to be retarded, to exchange with the 
surface areas less rapidly, to be depleted of nutrients, 
and in a sense to acquire properties suggestive of 
a hypolimnetie environment. Some idea of this micro- 
stratification may be obtained from the measurements 
of current and chemical properties in Figure 16 
and Table 5. From metabolism experiments discussed 
in subsequent sections it is clear that this bottom 
water is actually not isolated for long and must 
be exchanged entirely every few hours since other- 
wise entirely anaerobic conditions would develop. 
On Feb. 12, 1953, versenate hardness was 207 ppm 
in littoral plant beds and 216 ppm in the channel. 
The percentage modifications of major chemical con- 
stituents are small. However, it is quite a contrast 
to the very rapid exchange of the water at the plant 
tips where no water is in contact with the plant 
surfaces for more than a fraction of a second. Be 
cause of the low oxygen concentrations in the plant 
beds at night, some possibility of a limit to fish 
may exist in these upper spring areas. This is 
discussed relative to the presence of larger fish in 
particular boils. 
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16. Characteristics of the Sagittaria micro- 


Fig. 
habitat, including curves of the vertical distribution of 


eurrent, light, and benthic chlorophyll. Current velocity 
was determined with a propeller-earphone type midget 
A submarine photometer was used to 
Chlorophyll extracted from 


eurrent meter. 
determine light penetration. 


the grass blades was calculated so as to indicate the 
average benthic chlorophyll in a volume of space in the 
Sagittaria bed. 





THE SILVER SPRINGS COMMUNITY 
THE AREAL PATTERN 

Except for the littoral patches of plants of other 
types mapped in Figure 3, the springs community 
in the upper °4-mile head water zone of main study 
is remarkably uniform with the complex of waving 
Sagittaria and aufwuchs encrustations. The area 
of the bottom community is determined from the 
map in Figure 3 as 18.5 acres, of which 1 acre is 
made up of sand, littoral macrophytes, and crevices. 
It is in this area that the overall standing crop, 
trophic structure, productivity, and metabolism are 
studied in the discussions that follow. There are 
also differences in the animal distributions and in the 
form of plant growth which will be described. 


PRIMARY PRODUCERS 

In Table 6 are summarized the species of princi- 
pal primary producers. Dr, A. M. Laessle, Dept. 
of Biology, Univ. of Florida, has participated by re- 
taining specimens in his aquatic plant herbarium and 
provided identifications. Dr. L. Whitford, N. C. 
State College, Raleigh, N. C., spent a summer work- 
and has made a general 
(Whitford 1956). 


ing on this springs project 
ecological study of these 
The algae were identified by him. 


algae 


The predominant producers are the matted 
diatoms and filamentous greens and_ blue-greens 


Howarp T. 
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TABLE 6. Community Dominants by Trophie Level®> 





PRIMARY PRODUCERS 


DoMINANTS: 
Sagittaria lorata, Cocconeis placentula, Synedra ulna, Melosira granulata, Melo- 
sira varians, Melosira italica, Fragilaria sp., Terpsinoe musica, Plectonema 
wollei, Achnanthes lanceolata, Eunotia pectinalis, Navicula minima. 

Orner SPECIES: 4 
Lobelia cardinalis, Panicum paludivagum, Pistia stratiotes, Najas guadalupensis, 
Ceratophyllum demersum, Vallisneria neotropicalis, Potamogeton illinoiensis, 
Ludwigia natans, Colocasia antiquorium, Gomphonemu sphearophorum, Cymbella 
mexicana, Gomphonema longiceps, Pontederia cordata, Fragilaria construens, 
Pinnularia interrupta, Fragilaria brevistriata, Gomphonema acuminatum, Fra- 
gilaria capucina, Amphora proteus, Epithemia sp., Nitschia amphibia, Pleuro- 
sigma elongatum, Cyclotella sp., Biddulphia leavis, Amphithriz sp., Lyngbye 
epiphytica, Lyngbya nordgardhii, Chara zeylanica, Lyngbya kutzingii, Micro- 
spora floccuosa, Stigeoclonium sp., Oscillatoria splendida?, Calothriz sp., Ento- 
cladia sp., Schizomeris leibleinii, Mougeotia sp., Xenococcus sp., Audouinella 

violacea, Spirogura sp., Rhizoclonium foxtanum, Spirogyra sp., Cladophora sp., 

Ocedogonium sp., Scenedesmus dimorphus, Scenedesmus bijuga, Euglena sp., 

Closterium sp., Pseudoluvella lens, Vaucheria sp., Compsopogon cocrulens, 

Leptodictyum riparum, Eichornia crassipes, Hydroctyle sp., Thorea ramosissima, 

Nuphhar sp. 


HERBIVORES (AND ALGAL PARASITES): 


DoMINANTS: 
Pseudemys nelsoni, Pseudemus floridana, Mugil cephalus, Pomacea paludosa’, 
Viviparus georgianus, Oxytrema catenaria, Littoridinops sp., Amnicola sp., 
Gammarus sp., Hyalella sp., Mollienesia latipinna', Tendipes sp.,#, Calopsectra 
sp.», Polypedilum sp., Tendipes decorus, Hydroptila sp.', Elophila sp., Lepomis 
micrulophus (young)*, Lepomis punctatus ‘half)*, Paleomonetes paludosus'. 

Orner Seectes (trophic level less certain): 

Tendipes (Synchironomus) sp., Glyptotendipes senils, Anopheles quadrimaculatus, 
Cryptochironomus sp., Spaniotoma sp., Leptocella albida, Calibaetis floridanus, 
Signalosa pelenensis*®, Dorosoma cepedianum, Erimyzon sucetta, Mugil curema, 
Notemigonus crysoleucas, Tipula sp., Cladopelma.sp., Stylaria sp., Arcella sp., 
Ancylus sp., Rhizophydium schroeteri (on Asterionella), Lagenidium rabenhorstii 
on Spirogyra), Chytridium olla, Entophlyctis confcrvaeglomeratae (on Spirogyra), 
Phlyctochytrium chaetiferum (on Spirogyra), Rhizophydium globosum(on di- 
atom), Chytridium sp. (on diatom). Occasional nematodes, tardigrades, rotifers, 
oligochates, and flatworms were found in the aufwuchs. 
CARNIVORES: 
DomINANTs: 
Lucania goodei, Gambusia affinis, Lepomis punctatus (half)*, Lepomis micro- 
lophus (half), Lepomis macrochirus, Jctalurus lacustris, Ictalurus catus, Dyne- 
utes carolinus, Dyneutes angustus, Gyrinus rockinghamensis, Gyrinus pachy- 
somas, Rhagovelia choreutes, Metrobates nomalus, Mesovelia mulsanti, Micro- 
velia buen. 

Oruer Species (trophic level less certain; some belonging to two levels): 
Craspedacusta sowerbii (Microhydra), Hydra sp. (green). Hydra sp. (brown), 

Unidentified mites and leeches, Argia sedula, /schnura ramburii, Enallagma sy., 

Nehalennias sp., Anamalagrion hastatus, Copelatus caelatipennis, Copelatus 

copelatus, Copelatus chevrolati, Pentancura sp., Macrobrachium carcinus, Pele- 

coris carolinensis, Belostoma lutarium, Ranatra drakei, Dolomedes okefenokensis, 

Macrocyclops albidus, Eucyclops agilis, Jordanella floridae, Lucania parva, 

Elassoma evergladesi, Nctropis sp., Hybopsis sp., Leptolucania ommata, Het- 

randria formosa, Aphredoderus sayanus, Esox americanus, Esoz niger, Strun- 

gylura marina, Ameiurus natalis, Anguilla bostoniensis, Fundulus chrysotus, 

Fundulus dispar, Labidesthes sicculus, Hadropterus nigrofasciatus, Chaeno- 

Lepomis auritus, Poxomis nigromaculatus, Steontheros 


bryttus ceronarius, 


odoratus™, Stenotheros minor™, Thamnophis sauritus™, Natriz tazispilota™, 

* Other species found in the side run but not in the main spring headwater 
zones: Odontomyia sp., Leptocella candida, Tendipes sp., Triaenodes sp., Argia 
fumipennis, Baetis spiethi, Hydrometra australis, Tricorythodes abilineatus, Baetis 
spinosus, Argia se lula. 

» See acknowledgements for sources of identifications. Dominance was assigned 
on the basis of the counts summarized in Table 7, Figure 18 and Figure 19, and 
from data obtained by J. Yount, University of Florida. 

© Not recorded during this study but reported by Hubbs and Allen (1943) as 
irregular, rare or occasional visitant. 

4 Only an occasional individuel was seen or taken. It is not a regular part of the 
fauna, 

¢ Two guts contained 1140 diatoms, 570 filanents and 4%, plant tissue. 

f § guts contained 2030 diatoms and 100 algal filaments. 

« One gut contained 1092 diatoms and algal filaments. 

b 4928 diatoms and filaments in one gut. 

i One gut contained 162 diatoms. 

k Since more than half of the guts contained plant material, half of the species !s 
considered as an herbivore and half as a carnivore. 

! The recognizable parts of the gut contents was of plant origin. 

m The herpetofauna listed were taken from a detailed, annotated list for Silver 
Springs kindly supplied by Wilfred T. Neil in personal communication. 
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Vatriz sipedon™, Amyda feror™, Chelydra serpentina™, Siren lacertina™, 


Amphiuma means™, Rana catesbeiana™, Rana grylio™, Rana heckscheri™, 
Hyla cinerea™, Butorides virescens, Florida caerulea, Ardea herodias, Fulic1 
americana, Aramus pictus, Gallinula chloropus. 
SECONDARY CARNIVORES: 
Domina NTS: 
Micropterus salmoides, Le pisosteus platyrhyncus. 


OTHER SPECIES: 
Alligator mississippiensis, Abastor erythrogzmmus, Lepisostevs osseus, Amia 


calva. 
DECOM POSERS (defined as a miscellaneous trophic level): 


DoMINANTS: 
Bacteria (21 colony variants in gross examination of plates; 5—35°%, chro- 
mogens), Procambarus fallaz (25% of the contents of 3 guts was recognizable; 
2/3 of this was plant and 1/3 animal)». 


encrusting the eelgrass blades. The diagram of the 
aufwuchs in Whitford’s (1956) 
sembles the diagrams for European aufwuchs in 
Ruttner (1952). Quantitatively the bottom plants 
were estimated by placing a bent 
concrete reinforcing rod over the plants and cropping 


paper closely re- 


metal square of 
by hand all plants whose bases were within the 1 ft 
then drained 1-2 minutes and 
this Sagittaria-algae 
and a 
A number of samples 


These were 
wet. A sample of 
complex then dried 

equivalent obtained (6.1%). 
For other purposes counts were made 


square. 
weighed 
was dry-wet weight 
were averaged. 
as to the number of blades per clump, the average 
length blade, and the number of clumps per square 
foot. From these estimates, summarized in Table 
7, can be computed the total surface of blades based 
About 24.3m? surface is sup- 
ported per lm? mud surface. 

The percent of this large biomass that is algae 
was determined by scraping most of algae off the 
blades with a knife and obtaining an equivalent dry 
weight on an area basis. In a few places there are 
large mats of algae (Fig. 3) attached 
littorally lying like blankets on the rest of the c¢om- 
These mats although 


on one square meter, 


which are 


munity in less swift water. 
individually very distinctive are not large enough to 
figure in the overall community estimates. 

The aufwuchs is continually growing and break- 
ing off so that a small component of tychoplankton 
or pseudo-plankton develops as one passes down 
stream as indicated by the upstream and downstream 
comparisons of Table 8. On an area basis this is 
a negligible part of the standing biomass of primary 
producers (.025%) From the enormous 
standing crop one would suppose, as is demonstrated 
that the fertile and 


possesses a high productivity. 


per area. 


below, community is very 
In freshwater it can be reasoned that the processes 
that make up ash 
Thus no effort has 


been made to correct biomass for ash since the ash 


of concentrating the minerals 


require expenditure of energy. 
may be largely a necessary component. 
AUFWUCHS SUCCESSION 


The 


Sagittaria blades grow from their bases in 
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That this is so can be seen from the re- 
a simple experiment pictured in Figure 17. 
wires twisted into the base of a Sagittaria 
April 5, 1954 allowed to remain 
for 26 days. One blade already 


very 


spurts. 
sults of 
Small 
plant on 

g growth 
having completed 
little as evidenced by the unchanged spacing of the 
wires. The small basal tip however, was pushed 
far out by growth between two wires at the base. 


were 
during 
elongation 


maximum grew 


LITTLE 
AUF WUCHS 








Growth patterns in Sagittaria blades marked 
Rapid growth from the base is fol- 


Fig. 17. 
with wire loops. 
lowed by heavy aufwuehs accumulation. 


This growth from the bottom means that the 
aufwuchs organisms in their attachment will have 
heen attached longest on the tip portions and most 
recently have invaded the basal portions. Thus 
within the overall steady state of the community. 
the length of the eelgrass blades has a microcosmic 
time succession laid out in a space succession, 
Although individual blades grow irregularly in 
the manner described above, it is apparent that there 
is an average growth rate for blades since the com- 
munity remains in approximate steady state year 
after year. By cutting whole bunches of blades into 
groups of segments, one may average the effects of 
irregular blade growth. For example one may as- 
sume that the basal segments of many blades _ to- 
gether collectively represent the average aufwuchs 
that first whereas the segments 


attaches group of 
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TABLE 7. E 






the Boil to *%4 mile station. 


Howarp T. 





stimates of Biomass in the 18.5 


Acre 
(7.6 x 10* m*) Headwater Area of Silver Springs from 
17.5 Aeres of Sagittaria and 











































Hydrobiidae 
Oligoch2etes 


Midges (mostly 
herbivorous 
Gammarids 


Paleomonetes 


Micro fauna which doe 
which must be scraped 
18.7 (13, 23, 18, 21) el 
166/18, 201/21) blede 


1.0 Aere of Macrophytes, Crevices and Sand; Islands 
Excluded. 
Biomass 
averaged 
over the 
Component Measurement and basis for calculation spring 
area 
gm/m? 
PRODUCERS: 
Sagittaria 2.8 (3.0, 2.9, 3.7, 1.5, 2.9, 2.3, 3.7, 2.7) 
lbs/sq. ft. wet Sagittaria and aufwuchs; 6.1°7 
dry of wet; additional dry weight measure- 
ments from bell jar work: 28.2 (18.6, 40.7, 
25.3) gm/.033 m2 May 14, 1953; 23.9 (37.0, 
18.4, 16.4) gm/.033 m? May 25, 1953; 23.7 
27.4, 28.8, 15.0) gm/.033 m2 June 22, 1953; 
mean 812 gin/m? Sagittarie-aufwuchs. 94°7 
of area is Sagittaria-aufwuchs. 75.5%, of 
Sagittaria-aufwuchs is Sagittaria 578 
Aigae on Sagittaria 
(Aufwuchs 24.5° of dry Sagittaria (above) is aufwuchs | 188 
Algae in boils, bare 
spaces 1/2 acre not estimated 
Other macrophytes Total coverage 3% of spring. Mean dry 
weight, 1441 gm/m?2 (Najas, 1950; Pon- 
tederia, 980; Scirpus, 1970; Pistia, 463) 43 
Total biomass of 
producers 809 
HERBIVORES 


Micro fauna which drains of the Sagittaria and aufwuchs when the 
clumps are removed from water. Collected in Cornell Plant net. 
94% coverage of the Sagittaria complex 


109 (64, 65, 192, 56, 176)/.13 m2 .00005 

gm dry tissue/individual 04 
36 (16, 29, 45, 29, 61) individuels/.13 m?; 
.0000008 gm dry/individual 

31 (12, 39, 83, 3, 17)/.13 m2 .00004 gm 
dry/individual 01 
-75 (28, 70, 200, 8, 69) individuals/.13 m?; 


-0002 


.001 gm dry/individual 06 
Copepods and 21 (57, 13, 7, 11, 19) individuals/.13 m2; 
ostracods .000001 gm dry/ individual 00015 
Flatworms 7 (2, 9, 7, 5, 12) individuals/.13 m2 .00901 

zm dry/individual 00005 


6 (5, 25, 1, 0, 0) individuals/.13 m2; .010 

gm dry/ individval 1.7 
s not drain from clumps of Sagittaria but 

from the leaves 

umps Sagittaria/ft.2; 10.0 (110/13, 294/23, 
3/clump or 2000 blades/m2 of Sagittaria 


covering 94°, of the spring; 120 cm? surface/blade. 


Hydroptila 98 (8, 281, 5) individuals/10 blades .00004 

dry gm/individual 78 
Midges 111 (78, 49, 205) individuals/10 blades; 

-00004 gm dry/individual .90 
Elophila 5 (0, 15, 0) individval/10 blades .00021 dry 

gm/individual 21 
Hydrobiidae 28 (53, 2, 27) individuals/10 blades; .00005 

gm dry tissue/individual 3 
Oligochaetes 51 (23, 5, 126) individuals/10 blades; 

.0000008 gm dry/individual 007 
Arcella ).5 individuals/cm? blade surface (Figure =, 

19); .000001 gm/individual dry 3 

Larger Herbivores 

Mullet 590 individuals counted visually/25,000 m2; 

1191 gm/wet individual (mean of 6 speared 

fish); 20% dry of wet 5.6 
Pomacea 3.7 individuals/m? quadrat (15/2.2 m? 


shallow quadrat); (1/1.73 m? deep quadrat); 
1.1 gm tissue/individual 


ODUM 
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TABLE 7. (Continued) 





Biomass 
averaged 
‘ over the 
Component Measurement and basis for calculation spring 
area 
gm/m? 
Turtles From tagging and recapture work by L. J. 
Marchand (1942) in Rainbow Springs, 
Marion Co., 12,000 pseudemys were esti- 
mated for about .92 km2 area of spring and 
spring run. 5 x 102 gm dry/turtle 6.7 
Stuinpknockers 1/2 of biomass as calculated in carnivore 
section 6.3 
Intermediate Sized Herbivores; sampled with sliding door box 
sampler devised by W. C. Sloan placed over plants and mud by 
hand 
Oxytrema 1 (3, 4, 0, 0, 0, 0, 0, 9, 0, 0, 0, 0, 0, 0, 0, 0 
individuals/.085 m2 29 gm dry tissue/ in- 
dividual (mean of 30) individuals | 38 
Viviparus 25/2.23 m2 shallow quadrat; 2/1.73 m2 
deep quadrat .15 gm dry tissue/individual 1.0 
Paleomonetes 12 (47, 6, 2, 1, 4)/.085 m2? .041 gm dry/ 
individual | 8.8 
‘ iy 
Total biomass of | 
Herbivores | 36.8 
| 
CARNIVORES | 


Water Striders 


Gyrinid Beetles 


Leechez 


Lucania 


Gambusia 


Heterandria 


Stumpknockers 
I, punctatus) 
and other sunfish 


Larger Stump- 
knockers aud 
other sunfishes 
above grass 
Catfish 


Notropis and 
Hybopsis 


Hydra aud 
Craspedacusta 


Mites 


Total biomass of 


Carnivores 





Counts from criscrossing boat (June 9, 1953) | 

in rafts: 30, 275 individuals/18 acres plus 

the scattered: 6 individuals/.093 m2; .0019 | 

gm dry/individual (mean of 16) 12 
10,050 individuals counted/18 acres (June 9, | 

1953); .022 gm dry/individual (imean of 9 





Copelatus, 3 Dyneutes) | .0028 
1.4 (0, 0, 7, 0, 0) individuals/.13 m2 in 

plant drain net of Sagittaria complex 94% 
coverage of Sagittaria; .016 gin dry/ individ- | 

ual 12 
11 (12, 45, 16, 6, 4, 0, 5, 0) individuals/ | 

1.73 m2 visual quadrat; 0.60 gm dry/in- 

dividual | .39 
13 (100, 4, 0, 0, 0, 0, 0, 0) individuals, | 

m? visual ouadrat; .060 gm dry/individual | .45 


3 (25, 0, 0, 0, 0, 0, 0, 0) individuals/1.73 m2; | 

large count along banks): .040 gm dry/ 
individual 07 
Half taken as Carnivore; 2.0 individuals/m?2 | 
visual quadrat (mean of 31 es‘imates on 3 | 

days ranging 0-5 fish/m?; 30 gm wet/ 

85 mn individual; 21.0% dry of wet (85 mm 

is mean length in the population on a weight | 
bases, Caidwell et al. manuscript) 6.3 
1403 individuals/25,000 m2 visual survey, 

March 9, 1953; 85 gm wet/individual; 21% 
dry of wet } 1.0 


520/18 acres in visual survey ‘mean of 3 
observers in glass bottom boat) 143 gms 
we /fish (mean of 21 speared) 


20% dry of wet assuned 1 school/10 m of 2.0 
shore; 3 km shoreline. 50 individuals/school 
-! gm dry/individual -92 


-1 individuals/cm? attachment surface 

Figure 19); 2090 blades/m2; 120 em2/ 

blade; 24 m? attach nent surface/m? bottom;| 

.1 em di.nen-ion .00001 gm dry/individual 
calculated by volume 24 
Drainage of Sagittaria through Cornell 
plant net; 7.2 (5, 2, 16, 2, 11)/.13 m2; 
.09009 gm drv/individuai 005 


10.7 
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TABLE 7. (Continued) 





Biomass 
averaged 
over the 
Component Measurement and Basis for calculation spring 
area 
gm/m? 
TOP CARNIVORES 
Bass (larger) 139 individuals/25,000 m2 visuai survey; 
510 gms wet/individual (mean of 18 speared); 
20% dry of wet 57 
Lepisosteus 116 individuals/25,000 m2 visual survey; 
platyrynchus 1045 gm wet/fish (mean of 2 speared ); 20° 
dry of wet 93 
Lepisosteus 3 individuals/7.6 x 104 m? visual survey 
osseus 3800 gm wet/fish (mean of 8 speared); 20°7 
dry of wet .03 
Total biomass of cbicaneanisinnlaas 
Top Carnivores 1.53 


DECOMPOSERS (defined as organisms utilizing perts of several 

trophic levels 
Bacteria on 
plant surfaces 


Direct count method with phase, oil im- 

mersion examination of scrapings, shreded 

and diluted; 25,000,000. Individuals/cm2 

of Sagittaria blade tip; surface (774,000,000/ 

26; 757,000,000/28 ; 468,000,000/28; 24.3 m2 

plant surface/m2 bottom area; density of 

bacteria in whole blade 50% 1.77 x 10-!2 

em’ volume/individual; 5% dry of wet 

volume; 94% coverage of Sagittaria 30 
Direct count method on diluted mud under 

oil immersion phase microscope; 331,000,000 
individuals/cc mud (276,000,000; 424,000,000; 
398,000,000; 226,000,000); depth of main 

bacterial activity taken as 1 cm; 1.77 x 10-!2 

em’ volume/individual; 5% dry of wet 

volume .29 





Bacteria in 
bottom mud 


Crayfish .81 individual/.075 m2 (0, 0, 6, 0, 0, 2, 0, 1, 
0, 2, 1, 1, 0, 0, 0, 0); .37 gm dry/individual 
(mean of 3) 4.9) 
Total biomass of 
Decomposers 41.6 


2 inches out but next to the base represent the auf- 
wuchs on blades which have grown 2 inches on the 
average and are thus slightly older in succession of 
attachment. From data below it is possible to 
determine the average blade growth rate and thus 
determine the ages of these fractions of aufwuchs 
under natural conditions. The result of scraping 
these fragments and making counts of the species 
is given in Figure 18. 

It was found by Whitford that the complex 
of algae attaching to glass slides was very similar 
to the algae attaching to the natural substrate of 
Sagittaria blades. Thus by placing out glass slides 
in boxes among the plant tips the succession could 
be studied by counts of organisms on the glass slides 
at different time intervals. The results of such 
studies are summarized in Figure 19. The glass 
appears to become etched after several months ex- 
posure. The results of the counts on the blades 
and on glass slides are similar. The successional 
series is roughly as follows: 

Bacteria-cocconeis type diatoms—larger diatoms 
—algal green and blue-green filaments—herbivorous 
animals (Arcella, midges)—ecarnivorous animals 
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Fig 18. Longitudinal distribution of aufwuehs on 
Sagittaria blades as an indieator of chronological suc- 
cession. 
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Fig. 18a. The two upper graphs show the inerease in 
density of algae, midges, and eaddisflies per blade area 
toward the tips, October 1, 1953. The lower graph shows 
the algae and midges as a funetion of distance from 
the base of the grass clump. Fewer organisms are 
found at the extremity of the clump because of the 
small number of long blades in spite of the high 
density on the few blades protruding. The manner of 
cutting the clumps before seraping off the aufwuchs is 
shown at the bottom. 


(Craspedacusta, Hydra)—breaking-off and_ bitten- 
off tips reaching the fishes. This is a beautiful ex- 
ample of the way in which a macrocosm may be in 
a steady state due to the component multiple sum- 
mation of successional phases. 

The extractions of chlorophyll on the segments 
in Figure 18 indicate that the maximum chlorophyll 
per area of blade occurs some distance from the 
tips. If the chlorophyll of the aufwuchs is a meas- 
ure of the productive rate, then the tips are being 
removed by the breaking off in the zone of maximum 
production. The system is thus in a steady state 
analogous to the optimum catch in fisheries, The 
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Fic. 18b. The two upper curves contrast the distri- J t 
butions of midges and eaddisflies on the long narrow 
blades of swift water in the narrows below the main + + + + 
boil with some thick, short blades found littorally in CM sO 


slowly moving water. The lower graph shows the de- 
erease in blade area per longitudinal interval of cutting 
towards the extremities of Sagittaria clumps. 


maximum chlorophyll of the Sagittaria is also at 
a maximum at an intermediate level presumably re- 
flecting the decrease of light cited in the light section. 

The rate of growth of aufwuchs down among the 
plant bases was lower. The slow current, dim light, 
and nutrient depletion are factors. After 30 days 
in place glass slides showed only 27% coverage ot 
Cocconeis, .7 Arcella/em*, and .17 midges /em? 
whereas slides suspended at the same time at plant 
tip level had acquired an average of 95% coverage 
of Cocconeis; 2.2 Arcella/em* and 3.5 midges /em?. 

There is in Figures 18 and 19 some evidence for a 
maximum standing crop of some algae before the 
herbivores become established and subsequently a 
herbivore maximum before the carnivores begin to 
take a maximum harvest. The distribution of organ- 
isms on the slides is generally contagious and con- 
centrated more on the upper sides of the glass. 

The standing crops of algae and other aufwuchs 
on the blades of Sagittaria are not a measure of the 
production there. In swift water a great fraction of 
the algae and small animals grown there is carried 
away downstream. On the other hand in the still 
shallows the production of algae and animals stays 
in situ and may support additional food chains 


and a dense but not necessarily vigorously growing 


community. 





Fig. 18¢. Chlorophyll distribution according to longi- 
tudinal zones of Sagittaria blades on June 29, 1955 
(see Figure 16). In the upper curve the chlorophy!l 
extracted from the aufwuchs and seraped blades is re- 
ported according to the longitudinally measured distance 
of the zone from the base of the elumps as shown in 
the sketch in Figure 18a. In the lower curve the 
chlorophyll is reported in terms of its concentration per 


area of blade. 


BACTERIA AND OTHER DECOMPOSERS 


By H. T. Odum and Osilio Galindo 


Several techniques used by Henrici (1939) and 
others were used in an effort to determine the stand- 
ing crop of bacteria and to compare the type ot 
bacterial community in the spring with those in 
lakes where these techniques were developed. First 
of all, agar plates in pharmaceutical bottles were 
developed from water samples and from periphyton 
scraped off Sagittaria blades, and from mud samples. 
Second, counts were made of bacteria on glass 
slides after submersion in’ springs, flaming and 
dipping in Gentian violet. Third, direct counts 
were made of aliquots of periphyton and mud 
suspensions using a phase microscope. — Finally. 
some counts were made of percent chromogens in 
the agar plates and of the number of grossly dif- 
ferent colony types. In this work we are grateful 
to the Department of Bacteriology, University ot 
Florida, for advice and the loan of equipment and 
to Mr. J. Gonzalez who took an active interest in 


and helped with the plating. 
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Fig. 19. Suecession of aufwuchs on glass slides sub- 
merged at the level of the Sagittaria blades tips from 
the growth cage (see Figure 3) in slide boxes wrappe:l 
with hardware cloth. The data are reported on a 
logarithmic scale of time. Dates are indicated by 
letters on the abseissa: A. May 5 to 12, 1954. B. May 
5 to 20, 1954. C. April 5 to May 1, 1954. D. September 
1 to November 13, 1952. E. July, 1953 to April 5, 1954. 


The culture and dilution bottles covered with 
aluminum foil under the caps were autoclaved in 
the laboratory and carried into the field. The medium 
used is as follows: sodium caseinate, .05% ; peptone, 
05%; starch, 05%; glycerol, .05%; dibasie potas- 
sium phosphate, .05%; agar, 1.50%; tapwater 


75 


(Gainesville, hard water partly of artesian origin), 
1 liter. The agar in the bottles was melted on the 
stove in the Silver Springs kitchen. Pipettes, knife 
for scraping, and glass tube for initial mud samples 
were wrapped in paper sterilized and opened in 
the field at the time of use. 1-ce samples of mud 
or measured periphyton samples were collected by 
the underwater worker by hand and immediately 
placed in sterile dilution bottles. After vigorous 
shaking dilutions were made and introduced into the 
agar prior to its solidification. For the vertical 
sampling in the mud, a Hiller peat corer was used by 
the underwater observer. Immediately upon open- 
ing the corer out of water a mud sample was taken 
from within the corer where no contact occurred 
between the mud and metal surfaces. Because of 
the low concentrations of bacteria in the water, 
there was no larger contamination possible from 
this source. 

The data on the counts are summarized in Tables 
8 and 9. Just as found by Bere (1933) in Wis- 
consin lakes the direct counts are much greater 
than plate counts. To what extent we are counting 
dead bacteria in direct counts of fresh material is 
not known but in the periphyton where there is a 
rapid turnover of energy it seems likely that the 
erorr due to dead bacteria is not large. In the mud 
in one preliminary series the direct counts as one 
goes down in the mud did not decrease whereas 
the plate counts were much less. Whether this re- 
flects the presence of dead bacteria or the presence 
of anaerobic bacteria that just don’t grow in the 
agar is not clear. The correct figure for bacterial 
biomass is probably between estimates derived from 
direct counts and those from plate counts. 

The periphyton was characterized by beautiful 
chromogens which developed in the plates after about 
two weeks. These were less abundant in the mud. 
Thus again the pattern in lakes is confirmed for 
the springs. The plot of frequency of colony types 
against the number of colonies per type shows a 
hollow curve that is often found in) community 
analysis for reasons still obscure. 

The numbers of bacteria found on glass slides 
are of the same order of magnitude as found in 
lakes. This is especially interesting since the counts 
from the water are low even after passing over 
beds of Sagittaria and periphyton, The action of 
a strong current may be growth promoting even 
when the water is low in organie content. Thus 
the bacteria on slides after a short time period are a 
measure of growth conditions and water fertility 
rather than the number of bacteria in the water. 

In order to estimate the grams of bacteria per 
area in the springs community the direct counts were 
multiplied by the dry weight calculated for a typical 
bacterium. The upper 1 em of mud was arbitrarily 
included as part of the ecosystem in the first calcula- 
tion. The large total surface in the Sagittaria 
supports periphyton bacteria that about equals the 
1 em deep mud bacteria in numbers. It is sup- 
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Changes Between the Boil and the 34 Mile Downstream Station 
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Measurement 


OXYGEN, ppm 
Daytime (sunrise 
1952-1955 


to sunset 


Night samples 
(midnight to dawn) 
Nov. 13, 1952 
Feb. 19, 1953 
March 8, 1953 











Nov. 28, 1953 1.90 
Jan. 7, 1954 
March 13, 1954........... 12.35 
May 23-24, 1954........... 2.59 
July 12, 1955 9:00 p.m.. 1.85 
Aug. 11,1955 10:30 p.m.. 1.45 
Mean of 8 nights.......... 2.26 
Mean of night values........... 2.13 
March 26, 1953 day in boil; 
night downstream........... 2.485 
Carpon DioxIDE 
Daytime (sunrise to sunset)......| 9.155 
Night samples 
(midnight to dawn) 
OS) > eee ee 
Feb. 19, 1953................| 8.60 
a | 7.60 
OS i Se eee 111.90 
March 20, 1954... ..........- 10.15 
SRY 20, BUOE. ... 2.66.20. .|10.70 
BMiny 2s; 294... 22s 8.83 
July 12, 1955 (COz deter- 
mined from pH) 9:00 p.m...) 9.98 
Mean of 7 nights.......... : 9.680 
Mean of all values.............. 9.704 
Bierce 35, 20638... ........... 9.26 
day in boil; night 
downstream 
NITRATE-NITROGEN®*, ppm 
Night time 
March 7-8, 1953............ 51 
March 27, 1953... . 49 
498 


May 8, 1953 
1:00 a.m.. 


Mean 


2.656 


lo to be 


sO 


30 


| .400 


.86 


; 50 


BoIL 


Separate analyses 


58 analyses (Fig. 12) 


lobo 
f 
nae 


.SO 


80, 2.05 
2.20, 2.50 
2.80, 2.28, 2.68 


90, 


| 4:00 p.m. (Fig. 13) 


29 analyses (Fig. 12, 13) 


7.2, 10.0 
135 OD, 8:6 
12.6, 11.5, 11.6 


9.7, 9.7, 9.7, 9.9, 


| 9.9, 10.3, 10:3, 


1.33 
1.40 


* Phenoldisulphonic acid method to September 1953; strychnidine method thereafter. 


10.2, 10.2 


4:00 p.m. (Fig. 13) 


56, .45 
50, 48 

43, .59, .49, .56, 
47, .40, .50, .48, 


05, .ol 


34 Mite DownstREAM 


Mean S 


2.8 - 6.3 





56 078 
12 | .193 

| 
13.45 | .107 
3.40 | .075 
| 3.37. | .369 


2.87 | .107 
2.55 | .132 
| a 
3.19 | .337 
3.20 | .343 
| 
13.665 | .241 
| = 
2.4 - 11.5] 
———— oe 
6.40 | .... 
| 5.67 .88 
17.34 | 1.06 


11.17 | .39 


10.15 eR 
10.10 .69 
8.82 | .60 
8.521 | 2.00 

| 8.587 [1.83 
7.20 | .266 

45 | .091 
Al ms 
468 | .041 








Separate analyses 
(Fig. 23-31) 


>.58, 3.50, 3.59 
2.85, 2.83, 3.31, 
3.21, 3.10, 2.85, 
3.20, 3.28, 3.11, 
2.97, 3.31, 3.40 
3.30, 3.55, 3.50 
3.39, 3.48, 3.34 
1.03, 3.62, 2.82, 
3.45, 3.12, 2.88, 
3.58, 3.59, 3.25 
2.82, 2.91, 2.87 
2.57, 2.53, 2.57 


6:10 a.m. (Fig. 13) 
| (Fig. 23-30) 
a ] 
{ 
7.4, 5.4 
5.9, 4.5, 6.6 
$1, 74. 84, 8a; 
0:0, 1.0, 70, 9:3; 
6.6, 5.7, 8.4, 6.5, 
7.8, 7.9, 6.8, 6.6 
11.3, 11.3, 10.9 
10.7, 11.9, 11.3 


| 10.4, 9.9 


| 8.8, 8.6, 9.2, 9. 
7.9, 9.0, 8.0, 9. 


11.3, 10.1, 9.6, 
9.2, 9.6, 9.9, 11.1, 
10.0 


“Te 





7.4, 7.0, 6.5, 8.4, 

5.5, 7.7, 7.5, 7.0, 
6.9, 7.0, 8.3, 6.8, 
6.2, 8.2, 8.5, 6.3 
42, .29, .49, .56, 
49 

Al, .41 

51, .49, .38, .40, 
19, .50, .49, .47, 
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Measurement 


Nov. 27, 1953... 


Mean of 4 days. 
Overall mean........ 


Daytime 
Feb. 19, 1953...... 
March 7-8, 1953.... 


March 26, 1953.............. 
BPTUG, ROOD. 5.55 a5 vedas 
noon, clear 
1 minute apart... 


May 14, 1953... 
1:30 p.m. clear 


May 25, 1953...... 
1:30 p.m. clear... 

Oct. 10, 1953. . 
noon, clear 


Oct. 22, 1953... 
noon, clear. . 


Mean of days.... ee 
Mean of all day values. 
PHOSPHATE PHOSPHORUS 
(inorganic) 
Night’ time 
Aug. 9, 1952. . 
March 7-8, 1953.......... 
Feb. 19, 1953... . 
Nov. 27, 1953... 


Mean of all night values 
Daytime 
Aug. 9, 1952... 
Feb. 19, 1953. . 
March 7-8, 1953.......... 
April 9, 1953... 
noon, clear. . 


May 14, 1953. 


noon, clear... 


May 25, 1953.... .. 
noon, clear...... 

Ce ee | 
noon, broken............... 
a 
water; some runoff 

Oct. 10, 1953 
noon, clear........... 


ae | 
2:00 p.m., scattered clouds.. . 


Mean of days 
Mean of all day values 


Mean 


.463 


| .0695 


“0384 


-0506 


-0462 | 


|e 


113 


| .030 


| .065 


-032 
| .079 


| 0836 | 


.0621 | 


-0498 


.0505 
.05033 


0065 


| .026 


012 


-0070 


-0075 


-0074 
-O117 


Bor. 


Separate analyses 


| .O41 


013 
‘085, 


| .075, 


-041 


| .035, 


-041 


> 


| 028, 


-024 


| .052, 


| 049° 


.046, 
.044 

.060, 
.037, 


| .061, 


.070, 
O54, 


| 055, 


.061, 
051 
055 


> 


49, 
49, 
43 


45 


.093, 
.076, 


.069, 
.036, 
.039, 


.053, 
.042, 
.069, 


-056, 
.034 
056, 
068. 
-066 


059, 
064. 
058, 


.062, 


49, 


45, 
‘48. 


> 


Mean 


39 


-O85, 
-O8S 


.044 


(057 


“0859 


.034, 
.033, 
045, 


.051, 
.051 
049, 


> 


’ 


.076, 
046, 


-058, 
.055, 


042, 


-0430 


-0470 
-04483 


34 Mite DowNsTREAM 


s 


OS 


0042 


0063 


.0108 
0224 
(0159 


-0085 


.0077 


-0090 


-0051 


-0071 
-0096 


Separate analyses 


12 analyses ( 
| .40, .39, 
| «44, .50, 


4 
4 
4 


5, .4l, 
5, .42, 
5 


Fig. 26) 


14, .38 
47 


22 analyses (Fig. 


44 


« ha « 
38, .! 


38, 


.056, 


. ee: 
’ 077, 


.30 


-062 


.081, 


17 analyses (Fig. 26) 
:087, . 
026, .05 
.084, .0: 


048, 
.037, 
.039, 
033, 
-027 
044, 
042, 
| 1054, 
.051, 
.033, 
052, 
| 056, 
.056, 
.054, 


-041 


045, 
.037, .03: 
.038, . 
.038 
.044, .038 
.056 
.068, .061, 
062, . 
.068 


iil 


051, . 
064, . 
047, . 


.037, . 
048, . 
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Measurement 


CuiuMPs OF FLOATING SAGITTARIA- 
AUFWUCHS 
dry gms/hr 
Jan. 4, 1953 ; 
March 25, 1953 7:15 p.m. 
March 26, 1953 7:30 a.m.. 


Mean 
Oxidation Potential Beckman 
Model G platinum-calomel 
May 28, 1954. 
5:30 p.m. 
BACTERIA 
Colonies/cc 
Oct. 15, 1953. 


CHLOROPHYLL 
mg/M:3 
July 2, 1953 (by N. Marshall 
with 10 liters through Foerst 
centrifuge ) 


3 liters through millepore filter; | 


Beckman Model DU 
spectrophotometer: Richards & 
Thompson (1952) method. 
July 10, 1955 


Aug. 11, 1955 
No. 10 Net Seston 
mg dry/1 
July 2, 1953 : 
Aug. 28, 1954 (dye and net 
method)... : : 
May 28, 1954 


SAND AND SESTON 
Millepore filter. 
(increase of filter weight) 
(includes sand ) 
No. oF ALGAt CELLS 
individuals/ce 
Ne. 10 net 
July 2, 1953 (841 concentrate) 
Millepore filter 
June 8, 1955...... 
Tota OrGANIC MatTTeR 
Acid permanganate method 
ppm oxygen used 
BOY) > Sa ee 
(some surface drainage) 
ine 


Alkaline permanganate method 
(Benson and Hicks, 1931) 

Feb. 25, 1954........ 

May 23, 1954 noon... 
BOD method, 25 deg. C. 
June 8, 1955 after 33 days, 
oxygen in ppm 


Mean 


.436 


.688 nee 


.03 


.29 


48 


-017 
01 


te 


.533 . 144 


Yr 
~~ 


62 


Separate analyses 


-002 


64, 71, 91, 69 


34 Mitr DowNsTREAM 


Mean 


289 


176 


184 


216 


.432 .001 


988 436 


1.15 Ft 39) 


.807 18 


49 


Separate analyses b 


431, .432, .433, 
432, .433 


277, 1072, 650, 1037, 
725, 1227, 1033, 
1926, 604, 1328 





7 
See diurnal curves in 
Fig. 29. 
See Fig. 30 
.145, .091 
= | 
| July 21, 1955 (noon) 
wo en 7 ( 
C 
© 
ee m k 
t! 
v 
1.00, 1.60, .80 : 
7 é | 
200, «FO, 2508, LeU, W 
1-45, -70, .70, 261; I 
130, 1 
a 
th 
he 
ce 
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Measurement 
Mean S 


Unfiltered 7.097 .046 


Boi. 


Separate analyses 


end: 


34 Mite DowNsTREAM 


Mean S Separate analyses 


7.4, 7. .189 eS 


7.04, 7.12, 


6.95 


Millepore 
Filtered 


end: 


4.93, 4.: 


£.91 


July 12, 1955 after 21 days, 
oxygen change in ppm 
Unfiltered. . . 


start: 5. 
£ 9») 


(9.22, dD. 


end: 


4.53 


(4.65, 4.58, 


Millepore 
Filtered 


| start: 5.07 


(4.94, 5.04, 5.23 


end: 


July 20, 1955 after 26 days, 
oxygen change in ppm 
Unfiltered... . 


Millepore 
Filtered 


posed that bacteria below 1 em in the many feet of 
contributing much to the 
The calculations 


organic muds are not 
metabolic activity of the community. 
are given in Table 7. 

Karly in the plating it was found that the spring 
bacteria plated out more rapidly at the natural 
temperature of 23° C than at 37° C again in agree- 
ment with behavior of aquatic populations elsewhere. 
The chromogens appeared late, after two weeks, 
and developed whether the cultures were in the light 
or dark. 

The counts of bacteria in the like the 
counts of phytoplankton, show the extreme sparsity 
of plankton components. The steady increase down- 
stream shown by the increase in counts in Table 8 
by a factor of ten in 34 mile is an indication of 
the contribution of the substrate community to the 
Assuming a steady state it is also a measure 


water, 


water, 
of the community net production as described below. 
The low counts in these springs waters are consistent 
with a summarizing statement by Whipple (1899). 
It should be remembered that the water in the boil 
area includes some water recirculated by eddies from 
the community floor. 

In the intense light of this community, it may 
be that a considerable number of the bacterial sized 
cells counted in the direct counts are photosynthetic. 
In the periphyton counting but not in the deeper 
mud samples a large proportion of the individuals 
were spheres larger than most bacteria although 
smaller than Chlorella-sized algae. What the classifi- 


4.16 
(4.10, 4.17, 


$20 


start: 5.31 

(5.31, 5.28, 5.33) 
end: 4.56 

(4.49, 4.58, 


start: 3.03 
(3.68, 2.53, 
end: 2.41 
(2.87, 2.39, 


cation or metabolism of these dominants may be was 
not determined. 

Decomposition of dead animal tissue was very 
rapid. Crabs, turtles, and fish which died in the course 
of experiments conducted in cages where the oxgen 
was maintained by the .1 m/see flow of the water at 
2.8 ppm day and night were mostly decomposed in 
Ordinary chicken wire oxidized in 8 months 
hardware cloth oxidized 
partially in about 2 Slow decomposition in 
the Christmas Tree Spring with its 
tension (1.1 ppm) may be indicated somewhat by 
a photograph shown by E. Ross Allen (Hubbs & 
Allen 1943) of a characteristic shaped log which 
looks visibly little changed in June 1955. The un- 
treated and unpainted pine two by fours of the ex- 
perimental cage on the edge of the main boil were 
half-rotten at the end of 3 years in a flowing current 
of 2.9 ppm oxygen. 

To gain some idea of the fungal populations, 
hemp seed were placed in open glass vials in several 


3 days. 
and 14-inch galvanized 
2 years. 


low oxygen 


situations underwater and allowed to develop for 
three weeks. These were sent to Dr. Terry Johnson, 
Dept. of Botany, Duke University. He reported 
only the algal parasites (see Table 6) on the attached 
algae and an absence of fungi that attack hemp. 
Most waters provide growth on hemp seed with this 
method. Also found but not identified were large 
amoeboid “slime em in size covering the 
sheets of diatoms on the glass slides. 

As a result of various estimates described above, 


molds” 2 
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TABLE 9. Bacteria in Silver Springs 1953. 





Direct Courts With Phase Microscope, 970X, Fresh Material, Live, June 9. 


BacTERIAL Counts 


X 106 


Fields 


Counted 


Slides 


Prepared 


"Material 


mean range 


774 270-1520 
757 170-1000 
468 270-600 
276 40-440 
424 200-660 
398 130-600 


Sagittaria blade with periphyton, 
28 em? surface 


1 ml mud located 2 cm below the 
mud surface . 


—— he mw 


1 ml mud located 24 em below the 


mud surface 130-270 


1 226 





Counts on Slides Submerged 72 hours and Stained With Gentian Violet, May 12. 


Bacteria 


‘| Slides | Fields | 
/mm2/day 


Prepared | Counted 


Location 


Slides on and near mud level... 10 60 
Slides .6 m below water surface...| 14 | 84 


| 
2186-5760 
613-2180 


3277 


1281 





Plate Counts of Aufwuchs and Mud on Henrici Caseinate Agar, 1953. 
‘| | Number | Number Bacteria Counr |Percent 

of of X 106 Chro- 
Samples Plates ———-| mogens 
range 


Material location and date 


mean® 


Sagittaria blade 
In shallows, little current: 
May 28, 26 cm?. 
May 9, 57 cm?......... 
In deeper water, swift current:| 
May 28, 24 cm?. 
Mud, 1 ml: 
Mud surface: 
May 9. 


| 
| 
| 


27 cm deep in mud 


June 1.... : | 3 9 


| 
| 
| 
| 





Plate Counts on Water, 1 ml (no dilutions) 





| Number | Number |Bactertat Count | Percent 

Distance from boil and date | of of X 106 | Chro- 

Samples | Plates —_ ,-_—— | mogens 
mean | range 


| 99 79-130 
\% mile, June 1 343 [277-1926] 5 
3{ mile, Oct. 15... 989 








Summary of Bacterial Distribution in Silver Springs 





Direct | Ratio of 
Counts | Counts to 
X 106 Plates 


Percent 
Chro- Plates 
mogens | X 106 


Sagittaria blade with aufwuchs. . | 16 

Mud, on the surface, 1 ml ‘ 10 

Mud, 27 cm below the mud sur- 
face, 1 ml... 

Water, 1 ml.. | 5 


7 0.4 
0.00048 | 


266 





* Mean of 1/10,000, 1/100,000, and 1/10® dilutions; 3 replications each. 
b Excluding one plate count 502 x 106. 


the bacterial and decomposer biomass is found to be 
small relative to the primary producer biomass. 
However, it will be found in the metabolism dis- 
cussions below that although small in biomass, the 


Ecological Monographs 
Vol. 27, No. 1 
total part in the utilization of energy is enormous. 
A few of the animal components should prob- 
ably be classified with the decomposers since their 
source of nutrition is miscellaneous including dead 
organic matter or bacteria. Crayfish are thus in- 
cluded in the overall decomposer biomass in the con- 
struction of pyramids of biomass below. 


Borrom SEDIMENTS 

Unlike the situation in lakes, streams send most of 
their excess production of unused organic matter 
downstream as seston. Silver Springs is no excep- 
tion. However, much organic matter is also de- 
composed in situ. The stability of its current re- 
gimes has apparently allowed a relatively steady 
state to develop regarding the bottom sedimentation 
as well as with other phases of community process. 
The sedimentation of organic matter down among 
the Sagittaria blades develops a rich algal gyttja 
that almost qualifies as a sapropel since disturbance 
of the bottom releases large volumes of gases. Some 
data on the nitrogen content of the mud were obtained 
by Kjeldahl analyses. .38% was found on the sur- 
face and .23% was found 25 em deep. These values 
are about half of those in the sediments of eutrophiz 
Linsley Pond (Hutchinson & Wollack 1940). The 
rapid decomposition of this organic matter as well 
as the downstream losses apparently balances the 
sedimentation rate, since the bottom beds of 
Sagittaria and the muck in which they are rooted 
have been reasonably stable over the 5 years of 
study. 

The underwater observer walking among the 
plants usually sinks into the ooze at the base of the 
plants over the ankles and sometimes to the knees 
in spite of the shells in the muck. Depending on 
the irregular base of limestone the muds vary from 
zero to more than 16 ft in thickness as probed 
with a rod. The large numbers of Pomacea and 
Vivipara snails which are sedimented among the 
gyttja make it highly caleareous. Since it has been 
demonstrated that the rate of growth of rooted 
aquatic plants is a function of the nutrients in the 
substrate, the nature of the bottom mud is as im- 
portant to the ecosystem here as in a lake. Thus 
this community is like a coral reef or a terrestrial 
one in building up its substrates so as to support 
a high climax production. Except for its thick bed 
of rich muck Silver River would be a rushing canal 
through a pipe of limestone rock. Further down- 
stream below the study area it is of this nature. 
A sereen cage filled with Najas coated with auf- 
wuchs growth was suspended for 6 months at the 
station with 2.8 ppm oxygen so that a pint jar 
would collect sedimenting organic matter. It com- 
pletely filled with a rich black ooze similar in ap- 
pearance to that formed in rich lakes. The loss on 
ignition of this ooze was 37.6%. No detectable 
radioactivity was found in the dried peat. 

In a few places there are short sand beaches 
mostly introduced for bathing. A fairly typical 
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psammon was found here with green algae concen- 
trated a few the 
and a variety of oligochaetes, tardigrades, ostracods, 


millimeters below sand surface 


amnicola and a few ciliates. These are very minor 
relative to the representative conmunity. 


INVERTEBRATES AND OTHER HERBIVORES 


By and large the herbivore trophic level is made 


up of immense numbers of small invertebrates eating 


The waving surfaces on the 
invertebrate 
Others 
climb and swim in the more sheltered waters at the 
bases of the plants. In addition the mullet continual- 
ly nibble the plant tips and the large plant-eating 
turtles (Psendemys) make considerable inroads. The 
flop of jumping mullet and the slipping of turtles 


the aufwuchs algae. 


blades of Sagittaria support a rich 


aufwuchs living in and on the algal growths. 


off their logs are frequent events in the life of the 
spring when the sun shines. 

The sampling of the various components of the 
herbivore populations for purposes of rough biomass 
estimates in Table 7 required a variety of methods 
as follows: 

1. Large bottom snails (Viriparus, Owtrema, and 
Pomacea) were picked by hand from a 10 ft by 
10 ft square placed on the bottom. 

2. Mullet 
boat by eve by observer hanging 
boat with a face mask towed rapidly in criscrossing 


were counted from a small aluminum 


on the bow of the 


circuits. 

3. Turtles were assumed to have the same density 
per area as in Rainbow Springs, another very large 
spring with somewhat similar vegetation in the same 
county similarly disturbed with boats and tourism. 
Dr. Lewis Marchand (1942) 1200 turtles 
and was getting at the end of his study about 10% 
recovery, thus permitting an estimate of about 12,000 


tageed 


Pseudemys on the river, 
other or- 
fraction 


and 
ganisms around the as that 
of the aufwuchs which drains off of the plants when 
removed from the water were collectively estimated 
with the Cornell plant net obtained from Foerst Co. 
The underwater observer placed the net down over an 
area of Sagittaria and closed the metal jaws about 
the bases of the plants, pulling them up by the 
roots, inverting the whole mass underwater and bring- 
ing it up out of water so that the drainage of the 
plants and the water which had about the 
bases of the plants passed through the bolting silk 
part of the net. Then the plants were removed with 
The residue in the bolting silk of the net 
into one transferred to a 
The 


4. Gammarids, copepods, mites, 


bases as well 


been 


shaking. 
worked 
specimen jar. 
counted later. 
5. The extremely numerous 
ponents of the aufwuehs which did not drain off with 
the above procedure were estimated by scraping the 
contents with a razor blade into bottles. The number 
of blades and the blade 
estimated, From previously estimated number of 


was spot and 


contents were preserved and 


invertebrate com- 


areas of surface were 
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blades per average bottom mud area, the total num- 
ber of each dominant per area of spring was deter- 
mined. 

each 


the number of 


per area of the spring was obtained, a 


Onee a rough count of 
dominant 
rough biomass was obtained by determining the aver- 


The 


are 


age dry weight of each component organism. 


results of these estimations and caleulations 


viven in Table 7, 

The current velocity has a considerable effect on 
the invertebrate 
and exposure to 


the microenvironment and thus on 


population. Distance from shore 


fish predation are part of this pattern. In order 
to get representative estimates, the quadrat methods 
above were made as a series out from 
the the boil 
complete range of conditions may be expected to 
Table 7. 


One obvious pattern was the presence of very large 


described 


shore on south side of area where a 


exist. These results were averaged in 
caddis fly populations in the faster currents with an 
almost complete absence in the slower currents in 
The 


immense insect emergence at dusk is described below. 


spite of similar Sagittaria blade communities. 


Water spiders and gyrinid beetles were counted 
visually from the small boat while ecrisserossing the 
stream in typical areas. 


FISHES AND CARNIVORE TROPHIC LEVELS 

The main secondary consumers (carnivores) in 
Silver Springs are the fishes. As already considered 
some of the fishes, especially the mullet, are her- 
bivores, but most derive their food supplies from 
the 
The fishes present in Silver Springs have been de- 
scribed earlier by Hubbs & Allen (1943) and Allen 
(1946). As part of this general project Caldwell, 
Odum, Hellier & Berry (1956) have colleeted infor- 
mation on the annual eyele of the fishes from the 
point of view of their growth, life history, and 
populations. The dominant fishes and their approxi- 
mate trophic classification are listed in Table 6. 

Quantitative estimates of larger fishes were made 
visually by an observer towed by a boat as described 
mullet. This the 
morning hours before the glass bottom boats began 
oxygen in the Sagittaria 
beds was least so as to minimize the due 
to fish hidden in the beds. This method seemed 
good for most species but not for the dominant 
species, the 
which resides in the Sagittaria beds in large numbers. 
For these and for the fishes 
quadrats were laid out in the beds and an observer 
made counts by sneaking up through the 
waving blades, parting the grass and peering among 
the dark interior. There seemed to be dual reactions of 
the stumpknockers to the observer. Some moved closer 
It is hoped 


abundant small invertebrates described above. 


above for was done in early 
operations and when the 


error 


stumpknocker, (Lepomis punctatus) 


minnow-sized some 


direct 


‘sImulating curiosity; others moved away. 
that these responses were equivalent and that an 
estimation of resulted. The number ot 
these fishes per area was then multiplied by a rough 


some value 
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figure for the dry weight of an average sized fish 


as seined. The resulting estimates are given in Table 


‘. 

One of those very characteristic features of the 
springs which interest the tourist are the large (10- 
50 1b) Channel eatfishes that school in some of the 
side boils and in some of the bare places about 14 mile 
downstream. These are shown in Figure 20. These 
fishes have been observed to hang head down in the 
rising water from the side boils and a number of 
suggestions have been made as to possible purpose 
or meaning in terms of the life history of these 
fishes. Dr. Coleman Goin thought there might be 
underground cave fauna occasionally emerging to 
be eaten. Some have thought there was a diurnal 
pattern with fishes in the caverns during the day and 
out at night (Hubbs & Allen 1943). However, our 
fairly extensive night operations failed to discover 
any clear cut pattern although possibly more feeding 
in shallow areas was observed at night. Some 
catfishes were in the boils both day and night. 


Catfishes schooling in the sandy cavern called 


Fig. 20. 
the Catfish Convention 
found here at all seasons. 
sand, 


Hall. A _ school is invariably 
Note the algae mixed with the 


Another hypothesis that merits consideration is 
the respiration advantage. For a fish to fall nose- 
down into the rising current of fairly oxygenated 
water would require little respiratory work. In Table 
2 are given the oxygen tensions of the various’ boils. 
It is very obvious that the catfishes do not hover in the 
main boil and only in some of.the side boils. It is 
very interesting that they should frequent the boils 
It may be that these 


with larger oxygen contents. 
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fishes rest in these currents. Especially if they build 
up deficits while feeding in some of the plant zones 
of the springs where the content drops below 1 ppm, 
they might use these deep boils as places to replace 
their oxygen deficits. 

The same phenomenon was observed in Lithia, 
Springs, Hillsborough County with a few Bullheads 
(Ameiurus). The water in Lithia Springs emerged 
with 2.1 ppm oxygen and 3.8 ppm COs and increased 
downstream (no side boils), so the fishes with only 
one boil to use were selecting the lowest oxygen 
concentration area in the stream. However, it may 
be that by falling head-first down into this strong 
upflow, no work is required, so that the excess of 
oxygen intake over utilization is less than for a fish 
swimming horizontally or pumping water through 
the gills in slightly higher oxygen tensions. 

In the course of each of the glass bottom boat 
trips one or more balls of wadded bread is tossed 
to the catfish schools that are always opposite 
Paradise Park in a deeper section of the stream. 
Much of this bread is observed to be eaten by the 
catfish and bluegills with some being dispersed. The 
70 loaves ordered by the Silver Springs management 
each day for this purpose represents 486 Cal /m?/yr 
over the whole spring area. Although negligible 
compared to the overall energy production (Fig. 7), 
this is a very large energy source to be entering the 
food chain at the herbivore level. It seems likely 
that the large schools of catfishes and to some extent 
the bluegills are receiving considerable nutrition from 
this special food source. 

A top carnivore or tertiary consumer trophic 
level in Silver Springs exists in Silver Springs in 
the larger bass and These were estimated 
visually as with the other large fishes and the data 
included in Table 7. The centrarechid population 
studies made as part of the project on Silver Springs 
are published elsewhere (Caldwell, Odum, Hellier 
& Berry 1956) but some conclusions pertaining to 
the role of the stumpknockers and bass are restated 
as follows: 


gars. 


a. Colored plastic tags with individual color 
combinations can be used to follow individual fish 
visually for as long as a month, but evidence indicates 
a high mortality of tagged fish. Tagged sunfish 
do not move far but bass do move up and down the 
river for at least several miles. 

b. Breeding extends over a long period from 
February to September but diminishes to only 
seattered reproduction during the winter in spite 
of the constant temperature. 

c. Distinet year classes are absent but there are 
modes in frequency distributions of the young fishes. 

d. Rings in the scales are distinet and are ap- 
parently formed at almost any time of the year. The 
frequency of ring formation is too great in stump- 
knockers relative to their growth to be annuli. In 
bass the rings do appear on the average at about 
yearly intervals. 

e. Stumpknockers of all ages, winter and summer, 
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have their guts with two-thirds algae and one-third 
animal material. 

f. Caged stumpknockers grow .31% per day in 
summer; recaptures of tagged bass indicate 19% 
weight inerease per day. Some evidence for de- 
creased winter growth was found. 

g. All the stumpknockers whose visceral cavities 
were opened contained conspicuous parasitic infest- 
ions. 


MICROHYDRA (CRASPEDACUSTA) 


One of the many surprises provided by Silver 
Springs was the appearance of the sessile stage of 


the fresh water jellyfish Craspedacusta on glass 
slides. Three to 6 individuals appeared on any 
slide which had been submerged for three weeks or 
longer. These tiny individuals were observed to 
stun and eat small midge larvae that were abundant 
in loose tubes on the same slides. No evidences of 
a medusa stage were found, but asexual budding 
was observed. Because of the stability, the Silver 
Springs community is suggested as a reliable source 
of the interesting animal. A few counts are given 


in Figure 19. 


PARASITE PYRAMID 

The larger fishes were found to be regularly 
infested with parasites. In energetic terms these 
parasites belong in the same trophic level with the 
top carnivores. Dr. Wanda Hunter and Dr. 
Winona Vernberg of Duke University carried out 
the following tedious study to help estimate whether 
the parasites of the dominant species of fish were 
important energy consumers relative to the earni- 
vores. 

-arasites, mainly acanthes, strigeids, and trem- 
isolated from one group of ten in- 
dividuals in the winter and one group of ten 
individuals during summer. In the group of fishes 
collected in May 1954 there were 222 worms with a 
collective dry weight of 36.2; in the group 
of fishes collected in December, 1954 there were 
161 worms with a total dry weight of 22.7 mg. 
There was no distinet difference in the composition 
of the parasitic populations. 

The ratio of dry standing crop of parasites 
under these conditions approximating a steady state 
was .036% parasites in the total fish by dry weight. 
Thus the parasitic pyramid is very steep. Some 
idea of the possible energy utilization may be obtained 
from metabolism measurements of a small trematode 
by Hunter & Vernberg (1955). Allowing 10% of 
the wet parasite volume as dry weight, the respira- 
tion of adults was about 2 mg oxygen/gm dry 
parasite /hr for the adults and about 60 mg oxygen / 
gm dry /hr for the cereariae. If a metabolic rate figure 
of 10 mg oxygen /gm dry weight /hr is used with the 
estimate of .036% parasites by weight in 13 gm 
stumpknockers per m7, one finds an intake of energy 
by the parasites of about 1 Calorie /m?/year, which 
is not important in comparison to the Carnivore 


atodes, were 
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energy utilization. Thus in spite of a high metabolic 
‘ate per gram, the parasites in this climax situation 
are not energy dominants. 


TROPHIC STRUCTURE AND BioMAss PYRAMIDS 
The rough estimates of biomass by trophic levels 
outlined in previous paragraphs are summarized in 
the calculations of Table 7. One main difficulty comes 
from overlapping species which draw energy sources 
from two or even more trophic levels. Where the 
food was mostly in one trophic level, the whole 
animal was assigned to that trophic level. Where 
partition of food sources involved a second source 
of importance, the species was divided and placed 
in two trophic levels according to the percent of the 
Unfortunately fragmentary 
information exists as to the food sources and it was 
not possible to carry out detailed food studies on 
Some basis for placing the animal 


food derived from each. 


each species. 
in a particular trophic level is given in the list of 
community dominants in Table 6. The general 
significance of pyramids is given in Odum & Odum 
(1953). There possibility that communities 
which adjust to some kind of ‘steady state tend to 
resemble each other in basic properties such as 
biomass pyramids because of basic laws common to 
steady state community systems. Further diseussion 
relating the shape of pyramids to the size of or- 


is a 


ganisms and community structure in streams is‘ given 
elsewhere (Odum 1956b). Since one is here mainly 
interested in order of magnitude, the trophie elassi- 
fication should not receive too detailed a use without 
further studies. In Figure 21 are summarized the 
estimates of biomass in a pyramid of biomass by 
Notice that a clear pyramid results 
found for other communities so 


trophic level. 
just as have been 
far investigated where the dominant producers are 
not all small in individual size. The decomposers 
are seen to rank following carnivores as far. as 
actual biomass of protoplasm. Their metabolie im- 
portance is discussed below and found to be great 
relative to their mass. 

A single blade of aufwuchs has its own pyramid 
of biomass with a decrease in biomass from plants 
to herbivores to carnivores. 

PHOTOPERIODISM AND REPRODUCTION 

As described in the environmental section, the 
temperature is constant but the light changes sea- 
sonally. With this regime the annual changes in 
energy flux associated with changes in production are 
due to light and not temperature. The individual 
species might be expected to be adjusted to this pulse 
in energy in their own individual life histories by 
a coincidence of periods of the extra energy drains 
of reproduction with the seasons of greatest energy 
flux through the community. The mechanisms by 
which their physiological cycles are externally con- 
trolled cannot be related to temperature but must 
be controlled by light either by direct photoperiodic 
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control or indirect control through effects on the pro- 
duction rate. 

In Figure 22 are given seasonal patterns of 
reproduction -for snails, shrimps, and fishes. <A 
similar curve is given by Caldwell, Odum, Hellier & 
Berry (1956) for the stumpknocker. Surprisingly 
there is some breeding all the year in some species 
but an enormous increase occurs during the spring. 
Photoperiodism is clearly implied although not 
proved. It is interesting that Paleomonetes palu- 
dosus here behaves differently from its behavior in 
experiments in North Carolina (Jenner, personal 
communication) where increased dark period leads to 
sharp starts and stops in the seasonal reproduction 
pattern. Hildebrand (1921) found Gambusia and 
Mollienesia from Beaufort, N. C. and Augusta, Geor- 
gia breeding from May through September. In Key 
West, Florida he reported Gambusia breeding at all 
seasons but much less in winter. Apparently a 
flexibility in timing of reproduction exists in these 
ranging species so that their life eveles can be readily 
kept in pace with food supply. 

Barney & Anson (1921) had long ago noted the 
decline of breeding in Gambusia in September and 
October in Louisiana prior to a tem- 
perature. 

That the apple snails did continue some winter 
laying was indicated by the continual presence of 
pink, recently laid egg clusters that normally turn 
white after a week or two. 
occurs in two to three weeks. 


decrease in 


In the summer hatehing 


D), decomposers. 


These results on ways 
by which the community as a whole is integrated 
so as to maintain so stable a state in spite of the 
Those species 


photoperiodism suggest 


seasonal pulse of productive energy. 
whose reproductive cycles are geared to the seasonal 
pulse may be expected to excel in competition over 
any species which is not regulated to take advantage 
of the excess production of the spring and summer. 
With predators being less specific in their diets than 
their food, the prey organisms which can reproduce 
least will either be maintained at low levels or by 
the Allee minimum population effect be eliminated. 

By these adjustments a pulse in production need 
not result in excessive changes in population numbers 
at any trophic level, for the excess young at one 
level are rapidly eaten by the young in 
the next level. Where the ecosystem is so precisely 
adjusted, it may be that fewer species will be found. 
may be eliminated 


excess 


Those which cannot 
here, whereas in fluctuating environments like many 


compete 


streams, conditions change so rapidly that species 
which are. one day losing out in competition may 
begin to gain under other conditions so that more 
species may be present any instant. See Hutchin- 
son (1953) for an account of this hypothesis. 

This in a way is an extension of the generality 
that environments extreme for any 
reason the number of present decreases. 
Silver Springs is not extreme in the usual senses of 
temperature, light, or chemical environment. How- 
ever, this spring is extreme in being stable, and 


where become 


species 
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Seasonal distribution of breeding in repre- 
sentative species. The approximate day period is given 
in the upper graph. Counts of apple snail eggs were 
made on the wall pietured in Figure 3. 


Fig. 22. 


Yount’s hypothesis 
pro- 


thus has 
(1956) of 
ductivity is certainly in harmony with the fewer 
species in the springs. 

Caution is thus urged in the use of 
number for pollution classifications. According to 
criteria of the small number of insect species, Silver 
Springs would be described as a_ polluted stream. 


fewer species. Dr. 


greater competition for greater 


species 


One cannot imagine a stream which in all its proper- 
ties is less affected by man and which by its organic 
content and other chemical conditions is more nearly 
the perfect biological environment. Other springs 
(Blue Springs, Volusia Co.; Orange Springs, Marion 
Co.; Green Cove Springs, Clay Co.) in Florida with 
more extreme conditions of oxygen have even less 
species and yet are in no way polluted but possess 
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low bacterial and organie matter contents in their 
water and are unaffected by man’s activities. 


BiosTaTic CHARACTERISTICS AND COMPETITION 

Measurements and sampling at different times 
have shown that remarkable consistency exists except 
Evidences for 
stability in the physical and chemical environment of 
Evidenees 


for some diurnal and annual effects. 


the spring were given in earlier sections. 
of biological stability in Silver and other springs 
may be cited as follows: 

1. The dominant algae covered eelgrass noted in 
the last century is still present (see section on early 
records.) = Dry May-June, 
1953 (Table 7) averaged 765 gm/m*. Those made 
in August 1952 were similar (860 gm/m?). 

2. The map of Silver Springs (Fig. 6) made in 
Only 1% of the 
spring area had changed in type of vegetation. 


weights of samples in 


1951 was little changed in 1955. 


3. The taxonomic composition of the algae in 
Silver Springs was not found to vary during a year 
(Whitford 1956). Further examination by J. Yount 
and the author showed no change in 1955, 

4, Glass slides kept in identical positions in the 
springs and examined at different seasons (Nov., 
April, May, June, July, Fig. 19) showed no dif- 
ferences in composition of glass slide aufwuchs with 
its dominance of Cocconeis. 

5. Some unpublished evidences of stability and 
instability of macrophytes in other springs have 
collected by D. Swindale and H. T. Odum. 
Maps were made of spring headwater areas before 
and after 3 years. 


been 


In these smaller springs greater 
plant beds than in Silver 
Considerable shifting of patches and beds 
occurs, but there is considerable stability of the 
major floral composition. 

variance of insect populations 
in Weekiwachee and Homosassa spring boils (Sloan 
1956) showed no significant change in populations 
Comparisons in Silver Springs by Mr. 


disturbance of occur 


Springs. 


6. Analysis of 


seasonally. 
Sloan with indicated no seasonal 
variation for Silver Springs either. On May 28 
Mr. Sloan using his 5 sweep procedure in the plants 
in four places in the boil area found 2, 1, 3, 0 indi- 
viduals. He had previously shown with a curve of 


the same method 


number of species versus number of net sweeps that 
a point of diminishing returns in turning up new 
species was reached with about 5 sweeps. 

7. The careful description of the fish populations 
given by Hubbs & Allen (1943) for Silver Springs 
when compared with the recent status of the fish 
populations (Table 6 & 7) indicate that no change 
has occurred in dominants or minor constituents of 
Essentially constant 
patterns of length frequency for the dominant stump- 
knocker (L. punctatus) were found by Caldwell, 
Odum, Hellier & Berry (1956) during 1954-55. 

The most stable areas are apparently those nearest 
to the current and thus most independent of the 
Hubbs & Allen 


the main channel communities. 


seasonal and man made changes, 
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(1943) cite the decrease in marshy area around the 
boil with the building of a wall and cleaning up 
of the margins for tourist purposes prior to 1943. 
A general impression of decrease in Mollienesia, 
Micropterus, Esox, Amia, and Elassoma is recorded. 
On an area and biomass basis the littoral associa- 
tions are minor even below the main boil where 
the littoral zones have been affected. The 
removal of the headwater marshes apparently made 
the spring more homogeneous by removing littoral 
and variable environments which are more like non 


less 


spring environments. 

8.-Measurements of snail eggs on the boundary 
walls in 1954 were similar to those at the same time 
of -year in 1953. 

9. Primary production of the entire spring in 
December 1953 was similar to that in December 
1954 (See Annual Cycle of Production). 

10. Counts of invertebrates in the aufwuchs and 
Sagittaria beds in 1955 (Table 7) were similar to 
those made in 1952. The constancy of the macro- 
invertebrates and small fishes was qualitatively 
verified during the year of seining that was part of 
the fish -stutly. 

11. Similar bacterial populations were found in 
the water in October and June, 1953. 

One of the most fascinating, unsolved problems 
in the springs is the competition between the similar 
eelgrasses Sagittaria lorata and Vallisneria neotro- 
(1953) discovered the simple 


picalis. Laessle 


diagnostic way of separating these species in the 
field by the branching of the roots in Sagittaria. The 
two species were found in some springs in alternating 
patches and occasionally in intimate associations of 


both. Silver Springs contains mostly Sagittaria al- 
though some patches of Vallisneria were found 
(Fig. 3) and in the downstream area by Dr. D. 
Swindelle. In 1953 a 4’ x 3’ cage was planted 
with Vallisneria in Silver Springs with plants 
brought up from Homosassa Springs. <A dense 
growth was maintained for over a year. The factors 
maintaining the great dominance of Sagittaria in 
Silver Springs are not yet known. Some other 
springs with no consistent chemical similarity as 
yet detected are dominated by Vallisneria. 


Sipe Run anv Species VARIETY 

In Figure 2 is shown a small spring run, the boat 
canal, through which some of the main boil water 
flows with an average current in June, 1955 of .14 
m/see. This run is partially shaded and possesses a 
different biota from the main spring mainly in 
having a greater variety of additional species rep- 
resented in small numbers. «(Insect variety meas- 
ured by W. C. Sloan and algae by L. A. Whitford 
and J. Yount). On May 15, 1953 at 3:30 pm on 
a clear day the oxygen down the run was as follows: 
Boil, 2.50; first boat house, 3.78; last of boat houses, 
4.01; sharp bend, 4.70; at old bridge, 4.51; at mouth 
of side run, 5.53 (5.52, 5.54). Thus the oxygen 
pattern resembles that in the main run (Table 3). 
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This little spring situation considered as a natural 
experiment tends to refute the idea that the low 
variety of species in the main Silver Springs run 
and other similar Florida due to the 
moderately low oxygen or other property of the 
water acting directly. Instead some other hypotheses 
must be offered such as a direct action of the greater 
main stream productivity; competition according to 
the Yount hypothesis (Yount 1955); shading; or the 
lower current velocity of the side run (.14 m/sec) 
compared to the main run (.21 m/sec). 


springs is 


ZOOGEOGRAPHY 

In other springs of the world a big point has 
been made of the presence of relicts. Thus Neilsen“ 
(1950) reports arctic forms relict in the cold springs 
of Germany and Tuxen (1944) reports tropical forms 
relict in the hot springs of Iceland. In Silver Springs 
however the temperature and aquatic conditions tends 
to be an average of the general regime in aquatic 
environments of Florida and to be in the general 
region of optimum biological conditions as far as 
temperature. Thus it is no surprise that relict faunas 
have not been described for Silver Springs. 

There are few endemics in the springs. The 
large animals can readily move down the spring river 
and thus into the waters of the rest of the state so 
that gene isolation is apparently not great. For 
example the mullets must move from the sea 106 
miles up the St. Johns river from their breeding 
grounds in order to reach Silver Springs. The algae 
and smallest species belong to the groups which have 
dominated by a tendency to be 
Only the inter- 


their distribution 
carried or blown over vast areas. 
mediate sized species may be expected to develop an 
isolation long enough to develop races. 

Dr. J. P. E. Morrison, U. S. National Museum, 
identified the mollusks from a number of Florida 
springs and indicated that the larger species (Pomacea 
paludosa, Viviparus georgianus, Oxytrema catenaria, 
and Physa microstoma) were distributed throughout 
the spring communities without the development 
of races. On the other hand he found some evidence 
of races in the small Hydrobiidae. 


PsEuDO-PLANKTON 

The turbulent outflow emerges apparently with- 
out plankton but quickly picks up fragments of algae 
and small animals as it rushes through the beds of 
weaving plants. The inerease in chlorophyll, organie 
matter, bacteria, and algae is cited for the upper 
34 mile zone in Table 8. This is a useful pattern 
since one can here infer what magnitudes of organisms 
are eontributed to stream waters. In erdinary 
streams these contributed fractions tend to be matched 
by the steady state removal of similar amounts by 
sedimentation and organismal capture. Even at the 
34 mile zone the planktun*is extremely small (.2 
gm/m*). Another reason for a relatively small num- 
ber of species of some groups of organisms in Silver 
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River compared to some other rivers may be the 
absence of the plankton feeding niche. 

Since the water flushes the entire 
in about an hour it is not possible for any true 
plankton or reproducing plankton (Potamoplankton) 
to develop. It is therefore interesting to consider 
the populations found in the boat basin. The boat 
basin is a dead end canal leading out from the side 
of the Silver River about 5 miles downstream (Fig. 
2). The end of the canal is a circular pool used 
This water is in exchange with 


upper zone 


for launching boats. 
the main Silver River but may receive local signifi- 
cant drainages in time of rain even though there are 
no definite inflowing This back water 
possesses about the same alkalinity (155 ppm) and 
versenate hardness (202 ppm) as the main channel 
(alkalinity, 141 ppm; hardness, 205 ppm). The 
basin possesses a regular and rich plankton popula- 


streams. 


tion showing something of the potential of the spring 
water. 

It is also interesting to report that when Silver 
Springs water is placed in the light, intense green 
blooms of plankton algae develop after several weeks. 
The Silver Springs water is suggested as an ex- 
cellent medium for culture work related to ecology 
since it is a well-balanced medium similar to other 
natural waters except in being very low in organic 


content. It is chemically defined and barring unex- 


pected events will always be there for repetitive work 


or for future analyses. It is likely that chemically 
defined conditions can be achieved in this way more 
readily than mixing a medium with chemicals whose 
purity is never completely known and whose content 
van never be exactly duplicated. Dr. R. Short, 
Florida State University, has found reproducible 
results with culture of parasitic worm stages using 
Wakulla Springs water where similar stability ap- 
parently exists. 

Besides the small particles, there are the large 
of plants that continually drift 
spicuously downstream. Most of this is Sagittaria 
that has been broken off by current, boats, or turtles. 
These blades float at the surface and the impres- 
sion is one Of large magnitude. A gill net was 


fragments con- 


2 


stretched across the stream at the 34 
at the surface on three occasions so that the magni- 
tude of this downstream loss could be measured, As 
indicated in Table 8 this loss is very small compared 
to the losses in particulate and dissolved organic 
matter. No 
early 


mile station 


observed between the 
morning and There 
some difference in the amount of cutting by boats 
but by the time these fragments catch on the margins 
and ‘become released again, the diurnal pulse seems 
to be removed. The breaking of the rotted tips and 
the cutting by turtles may be of equal magnitude. 

Discussion of diurnal plankton is included in the 
chlorophyll section. 


difference was 


late evening. may be 
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VERTICAL DISTRIBUTIONS 


In the deeper boils, especially in the large main 
boil which has a floor 40 ft deep, there are distinct 
vertical stratifications of flora. Whitford (1956) 
found that the pattern of red algae in deeper and 
darker waters which occurs in some other aquatic 
environments especially the sea, held here also. The 
bottom of the main pool is characterized by Chara 
and red algae without the heavy beds of Sagittaria. 
The Sagittaria blades are filled with gas bubbles that 
permit the tips to wave upward into the water and 
which float the whole plant to the surface when the 
roots are dislodged. It is possible that pressure is a 
factor for nowhere in the spring does the Sagittaria 
go below about 15 ft. This cannot be due to light 
alone since the light intensities in the bottom are 58% 
of those at a depth of one meter, and in some wooded 
overhanging side channels Sagittaria grows in this 
light intensity. 

The distribution of chromogenic bacteria in the 
euphotic zones was cited previously. The stratifica- 
tion of light and chlorophyll within the plant beds 
is shown in Figure 16. In shallow water short but 
numerous blades may by their encrustations indicate 
an age similar to that of long waving blades of deeper, 


swifter water. 


COMMUNITY METABOLISM AND 
PRODUCTION MEASUREMENTS 
UpSTREAM-DOWNSTREAM METHODS 

According to one ideal for studying ecology one 
should lift up a whole community, place it in a 
respirometer, measure the whole metabolism, and yet 
not disturb the influx outflow of raw 
materials, energy, and waste products. It has per- 
haps been this ideal that has motivated workers who 
have laid the emphasis on plankton in ecological 
work where one could enclose representative samples 
of whole communities. Valuable advances have re- 
sulted from these methods in biological limnology 
and oceanography. 

When one thinks twice about the springs labora- 
tory with its thermostatic, chemostatic, and biostatic 
conditions, it may be realized that one actually has 
a giant flow-system respirometer that encloses the 
entire community of 18 acres. As the water emerges 
from the boil and flows over the community the 
changes in the water between the boil and down- 


normal and 


stream stations are a measure of the metabolism of 
the whole community. By multiplying the volume 
of the discharge by the change in the concentration 
of the constitutents in the water one may determine 
the whole effect of the community. This may then 
be prorated on area, volume, or biomass basis de- 
pending on the purpose. It should be possible to 
compare chemical effects by comparing springs whose 
constant flows differ in initial content. 

In another paper elsewhere (Odum 1956a) the 
summarizes previous work on upstream- 
measurements in flowing 


author 


downstream and 


waters 
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methods for estimating atmospheric diffusion. A 
summary of the main metabolic processes indicated 
that the change of oxygen 
over any stretch of stream community is the alge- 
braic sum of the primary production, the respiration, 
the diffusion into or out of the water, and the ac- 
crual from tributary inflows. By subtracting the 
night changes from the day changes, the gross pri- 
Thus one may 


upstream-downstream 


mary production may be estimated. 
metabolism of the whole community 
The production rate 


measure the 
directly and instantaneously. 
may be followed, hourly, daily, and by seasons. As 
discussed subsequently, speciai methods may be used 
to estimate the role of diffusion, respiration, and 
acerual in the night metabolism. The springs thus 
are a flow system in which the steady flux of nutri- 
tive, clear water is mixed at the boil with sunshine 
to start a biological chain of reaction as in some 
chemical kinetic apparatus. Some comparisons and 
differences between this system and the balanced 
aquarium are discussed elsewhere (Odum & Johnson 
1956). Data on community metabolism as measured 
by the upstream-downstream changes of several 
biologically active water constituents follow. 


OXYGEN METABOLISM AND DiFFUSION 

In Table 4 is the pattern of oxygen change down 
Silver River. The 11-ft aluminum boat and 5-horse- 
power motor were so as to collect from the 
entire run in about an hour. The 34 mile station 
was chosen as the most suitable place to make con- 
tinuous measurements to determine metabolism of the 
headwaters. This spot was at the lower end of the 
broad expanses and thus at the end of the zones 
where the trees constitute a minimum shading prob- 
lem. Below the 34 mile study station the increase 
in velocity of current and shade apparently prevented 
the development of the broad homogenous community 
found above. This 4 mile section of rapid flow 
through a gorge of rock and primarily sandy bottom 
acts as a barrier separating the fertile headwater 
zones of ‘rapid flow and the Oklawaha River 
with its ordinary brown water, seasonal fluctuations, 
and more complex populations. 

In Figures 23-31 are given curves of the oxygen 
at the downstream station during the course of the 
day. Clearly there is a diurnal due to 
primary production with a return to lower values at 
night. There is considerable heterogeneity in’ the 
rater due to the turbulent eddies and slight dif- 
ferences in trajectory, yet these variations are minor 
compared to the large magnitudes involved. By 
multiplying the volume of water discharged by the 
difference between daily values and night values one 
obtains the day’s gross primary production. The 
night values serve as ones black bottle with which 
to compare the day values. The increasing pro- 
duction with increasing light intensity, day length 
or with clear skies as opposed to overcast skies 
can be inferred from the graphs. The daily 
maximum in the oxygen curves comes about an hour 


used 


less 


increase 


after the maximum sunlight at noon on clear days. 
This is probably an indication of the time it takes 
for the water to reach the downstream station. An 
average velocity of 0.21 m/see estimated in_ the 
discussion on current would carry boil water to the 
34 mile station in 1.6 hrs. 

One of the conspicuous phenomena in the metabo- 
lism of the springs is the formation of enormous 
numbers of bubbles in’ and the aufwuchs, 
especially in the moderate or slow current areas 
less than about 0.3 m/sec. These bubbles form dur- 
ing the day and are then observed to rise to the 
These are probably initially oxygen bubbles. 


among 


surtace, 


In the swifter waters there are fewer of these bubbles 
presumably because the water in the aufwuchs micro- 


climates gets replaced before supersaturation — 1s 
achieved. The rising of these bubbles to the surface 
during the times of intense sunlight of clear days in 
May or June could lead to an error in production 
measurements. In an effort to assess the magnitude of 
this error, glass funnels were suspended from stakes 
as shown in Figure 32 so that bubbles rising from 
below would be trapped in the small end of a grad- 
uated centrifuge tube at the water level where 
standard pressure conditions would permit an estima- 
tion of the gas volume. 

On theoretical grounds it seems likely that these 
bubbles are not pure oxygen. Once a gaseous phase 
has formed the other water may be 
expected to exchange dissolved gases with the bubble 
according to their solubilities in the water. Thus 
the bubbles rising may have a composition closer to 
that of air than to that of the initial oxygen bubble 
that formed. Supporting this interpretation is the 
following observation: As deseribed below a cireulat- 
ing microcosm was built containing a blade of Sag- 
ittaria with aufwuchs. When a light was turned 
on the glass tube with its cireulating water, bubbles 
formed among the aufwuchs presumably as a result 
of photosynthesis. the light was 
turned off and the community allowed to go all night 
the bubbles were unchanged in size. When the water 
was tapped the oxygen had dropped to zero. The 
gases had apparently exchanged with the bubbles 
without diminishing their size. In spite of a fair 
flow through the tube of 2 em/see the bubbles among 
the aufwuchs algae were seldom displaced as long as 


gases in the 


However, when 


their size remained small. 

In Figure 32 are given the measurements of bub- 
ble volumes trapped showing the diurnal pattern. 
From the time lapse and area of the funnel one may 
obtain a correction for oxygen loss. From the area 
under the diurnal bubble curve in Figure 32 the gas 
volume released is estimated for the month of May 
as 224 ml/m*? day oxygen lost if the bubbles are 
entirely oxygen (0.30/m?).: The produc- 
tion for similar days in May is seen from Figure 32 
to be about 28 gm /m? /day. 

Thus the bubble loss in Silver ‘Springs is ap- 
and is neglected in further 


oxygen 


parently less than 1% 
calculations. 
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Diurnal pattern of oxygen at the *% mile 
station May 23-24, 1954 with sample caleulation of 
components of community metabolism. In the upper 
graph the ppm oxygen as measured is indicated on the 
left ordinate. On the right ordinate is given the ppm 
oxygen increase over the average boil value. In the 
second graph is plotted the average increase 
due to water of higher oxygen entering from lateral 

Respiration is indicated as estimated from bell 
jars (underestimation suspected ) estimated in 
the discussion of oxygen metabolism and diffusion. In 
order to illustrate balanee sheet methods of caleulation, 
diurnal diffusion curves are given as caleuated from the 
bell jar respiration estimate and as ealeulated from the 
higher respiration estimates made. Another somewhat 
different and intermediate diffusion rate is used sub- 
sequently for Silver Springs calculations (see text in 
oxygen section). The vertical hatching is the diffusion 
correction which must be added to the area under a 
diurnal oxygen curve to obtain the primary production. 
The lowermost graph shows the primary produetion re- 
sulting from the algebraic sum of the downstream 
changes, acerual, respiration, and diffusion. 


Fic. 23. 


oxygen 


boils. 
and as 


Another source of error is the difference in 
diffusion gains between day and night. Some oxygen 
is added to the headwater zone from the atmosphere 
both day and night since the oxygen concentration 


in this zone is always below saturation except in a 
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Fig. 24. Diurnal eurve of phenolpthalein-titrated 
earbon dioxide and pH at the *4 mile station, May 23-24, 
1954 (oxygen curves in Figure 23). In the lower graph 
is given the eleetrometrically measured pH eurve and the 
pH eurve caleulated from the ecarbon-dioxide using the 
Moore equations (1939). The shaded area is used to 
ealeulate production (Table 10). 
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Fig. 25. Diurnal oxygen and earbon- 
dioxide for January 7, 1954. The blaek bar graph in- 
dieates the time when the community was reeeiving direet 
sun and diffuse light. 


sequence of 


few minor plant beds in isolated backwaters.  Al- 
though the boil outflow is always around 2-3 ppm 
the oxygen tension is as high as 6 ppm at the 34 
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*%, mile station, February 





Fig. 26. 
alkalinity 
nitrate-nitrogen 
inorganic phosphorus at the 
19, 1953. 


mile station in the middle of very productive days 
and down to 3.5 ppm at night. Thus the gradient of 
oxygen into the spring differs. 
the diffusion into the spring at night is the same as 
that in the day one underestimates the productivity 
since the gradient is less in the day and less actually 


Thus the oxygen measured at the %4 


If one assumes that 


diffuses in. 
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Fig. 27. Diurnal 
dioxide Mareh 7-8, 


station. 


mile station downstream is more due to production 
than would be indicated by subtracting the night 
value as a black bottle value. 

In a previous discussion (Odum 1956a) ways of 
estimating diffusion in flowing waters were sum- 
In Silver Springs two methods have been 
applied. In one method the diffusion rate was esti- 
mated from the rate of downward diffusion of the 
surface film as observed visually. Fluorescein 
sprinkled over the surface was watched from be- 
low by an observer wearing a face mask and _ the 
time for equal distribution with depth determined. 
The oxygen gas transfer coefficient (defined as the 
erams oxygen transferred per square meter per hour 
for a zero saturation) was estimated from the turn- 
over time following a theoretically derived procedure 
given by Phelps (1944). In the channel in 2.8 m 
turnover times estimated were 2.7 m in 
57 see; 2.1 m in 47 see and 3.0 m in 81 see. These 
were computed for 2.77 m depth, 23 deg temperature, 
and a gaseous diffusion coefficient of 2.0. A gas 
transfer coefficient of .92 gm/m?/hr for 0% satura- 


marized. 


water the 


tion was obtained. 
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Fig. 28. Diurnal sequence of oxygen, nitrate-nitrogen 
(phenoldisulphonie acid method), and carbon-dioxide 
at the *% mile downstream station, March 25-26, 1953. 





In the second method independent measurements 
of community respiration in bell jars and in a 
circulating respirometer were combined as subsequent- 
ly described (.61 gm/m?/hr; .54 ppm). Then the 
accrual of oxygen due to the inflow of smaller side 
estimated as .61 ppm (Table 2) from 
separate analyses in these flows. From the night 
oxygen change of 1.1 ppm (Table 8) was subtracted 
the respiration (.54 ppm) and the accrual (.61 ppm) 
to obtain the rate of oxygen diffusion for the night- 
time saturation deficit (1.03 ppm /68%). These re- 
lationships are illustrated in Figure 23. A gas trans- 
fer coefficient of 1.51 gm/m*/100% saturation defi- 
cit or 2.72 gm/m?/100% deficit results for an 
average depth of 1.8 m (discharge of 8.5 x 104 
m* /hr x 1.6 hr + 7.6 x 104m?). The respiration value 
here (.54 ppm) used is higher than the value for 
hell jars (.19 ppm) used by Odum (1956a) in a 
similar calculation because an attempt is made here 
to correct for the underestimation of the bell jar 
method as discussed in the community respiration 
section. 


boils was 
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Diurnal sequence of oxygen, carbon-doxide 
mile 


Fie. 29. 
(determined from pH), and chlorophyll at the % 
station, July 12, 1955. 


From a gas transfer coefficient of .92 gm /m*/hr 
for 0% dye method and 2.72 
gm mhr for 0% 
method one obtains an average of 1.82 gm /m?/hr for 
0% saturation (.21 gm/m*/hr/ppm deficit or .19 
ppm/ppm deficit). This used in 
Figure 24, Table 10, and elsewhere, where diffusion 


saturation by the 
saturation by the balance sheet 


value has been 


is estimated for the spring. Since the diffusion rate 
is linearly proportional to the saturation deficit, the 
rate of oxygen diffusion was readily estimated for 
each hour of the day according to the saturation 
deficit existing over the headwater region at that 
time. In Figure 23 are given the respiration, ac- 
crual, and diffusion curves thus calculated for one day 
as an example. 

In Silver Springs with its fairly deep waters 
(Fig. 11) the difference between day and night dif- 
fusion is not great and the error in estimating gross 
primary production is only 2.3 ppm hrs ‘day on 
May 23, 1954 and thus about 10%. Since the dif- 
fusion correction for production is dependent on the 
diurnal change in diffusion rate and not the diffusion 
itself, the correction is little modified by changes in 
the gas transfer coefficient used. 

















Howarp T. Opum 





























5 4 
O, 
ppm * T 
3 + 
2 
OMECT 8 
LIGHT 
8 4 
7 4 
CO, 
PPM 6 | 
5 
2 - 4 
CHLOROPHYLL 
MG 
7 wi i 4 











TIME IN HOURS 
Fig. 30. Diurnal sequence of oxygen, cearbon-dioxide 
(pH method), and chlorophyll for August 11, 1955. 


OXIDATION-REDUCTION POTENTIALS 

Some measurements with still platinum and satu- 
rated calomel electrodes are given in Table 8. It 
is interesting that there is relatively little change in 
going from boil to 34 mile station in spite of the 
increased oxygen. The increase of dissolved oxygen 
downstream is accompanied by a concurrent increase 
of reduced substances such as the organic matter 
from the photosynthetic community. Apparently the 
sum of actions of substances which act at the platinum 
surface is unchanged. Thus the free energy dif- 
ferences between dissolved oxygen and organic mat- 
ter, both within the same water, are increased by 
the action of the community. 


CarBon D10x1DE METABOLISM AND PH 

The upstream-downstream method was used also 
for indicated in the chemical 
methods section the accuracy of these methods is 
considerably less than the Winkler method for oxygen. 
Thus a greater number of samples was _ necessarily 
analyzed. Some diurnal patterns are given in Figures 
24-30. 

The free carbon dioxide content of 6 to 10 ppm 
in the water rapidly diffuses out of the stream as 
‘an be readily demonstrated by the steady rise of 
pH in a sample of Silver Springs boil water standing 


carbon dioxide. As 
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Fig. 31. Diurnal sequences of oxygen on three days: 


November 28, 1952, December 31, 1952, and July 10, 


1954 at the *4 mile downstream station. 


open. The loss of earbon dioxide in these waters 
is larger than the inflow of oxygen. In the first 5 
hours the diffusion was found to be in an O./CO. 
ratio by atoms of .91 where the ratio of saturation 
deficits in the water by 1.04. When 
waters are temporarily isolated in eddies along the 
margins of the stream, photosynthesis and diffusion 
work in the same direction, tending to lower con- 
‘arbon dioxide and raise 


atoms was 


centrations in the case of 
them in the case of oxygen. The diffusion is much 
less in the margins, however, than in the main flow 
because with little current the gas transfer coefficient 
is small, as shown experimentally by Streeter, Wright 
& Kerr (1936). 

The gas transfer coefficient for the diffusion out 
of the carbon dioxide may be estimated in several 
Ways as was done for oxygen. The ealeulation by 
the theoretical procedure from the dye turnover 


times differs only in the use of a gaseous (non- 
turbulent) diffusion coefficient for earbon dioxide 


instead of for oxygen. Since the ratio of the CO» 
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Fig. 32. Diurnal sequence of rising bubbles and emerging insects as indicated by catches in suspended fun- 


nels. The funnel arrangement is shown on the right. 


Each point on the curve is the mean from 4 stations for 


the preceding 5 hours. See Figure 3 for location of stations. The stations were located at .35 m, .6m, .9m, 


and 1.3 m depth between 4m and 12m from shore. 


diffusion to oxygen diffusion in stationary vessels 
of Silver Springs water (.91 by atoms O,/CO.) is 
similar to the ratio of the saturation gradients (by 
atoms 1.04 O./CO. it seems that the gas transfer 
coefficient for carbon dioxide is essentially the same 
as that of oxygen within limits of these rough 


TABLE 10, 


estimations. 

The carbon dioxide diffusion in the field may also 
be estimated from the few bell jar measurements of 
carbon dioxide (Tabie 11) and upstream and down- 
stream changes as was done for oxygen. The mean 
upstream-downstream change in carbon dioxide at 


Community Quotients and Production Rates 





Area Area Daytime Discharge a Produc- Dry 
Under Under commu- | x 10+ m3 Protein« tion of weight in- 
Oxygen Carbon — nity quo- | hr (Fig. 9) organic cluding 
Date and cloud conditions Curves Dioxide tient by matter¢ ashe gm 
ppm-hrs Curve> = atoms O2 ‘ash free) m?/day 
day ppm-hrs CQ, x 1.37 gm/m? 
day day 
WINTER 
Noy. 28, 1953 (Fig. 31) broken strato- 
cumulus clearing we 6.5 (1.0) 9.8 0 8.0 10.4 
Dec. 3, 1952 (Fig. 31) clear becoming 
overcast stratocumulus . 6.5 (1.0) 8.2 0 6.6 8.6 
Jan. 7, 1954 (Fig. 25) clear except early 
morning fog. ae 8.6 15.4 Bir 9.8 0 10.4 13.5 
Feb. 19, 1953 (Fig. 26) broken strato- 
cumulus. fr 11.0 14.3 1.05 7.6 A 10.0 13.0 
March 8, 1953 (Fig. 27) clear . . 14.4 19.0 1.04 to t 12.9 16.8 
Meen for winter:. 95 
SPRING AND SUMMER: 
March 26, 1953 (Fig. 28) clear... 17.3 15.7 1.5 bat 51 12.9 16.8 
May 23, 1954 (Fig. 24) few scattered 
Sere peers 25.2 26.3 1.3 8.5 3] 23.4 0.4 
July 10, 1954 (Fig. 31) broken cumulus 
and middle clouds. ... ee a ee 21.3 (1.5) 7.8 71 16.0 20.8 
July 12, 1955 (Fig. 29) scattered cumu- 
lus becoming overcast. nibostratus 
and rain... Na See ; 14.4 20.5 97 6.4 0 11.3 14.7 
Aug. 11, 1955 (Fig. 30) clear. . . 26.7 21.0 1.75 4 ae 13.7 17.8 
Mean for spring and summer: 1.38 27 
Mean of all measured values:. 1.20 





* 8% added for divrnal diffusion correction of oxygen as indicated in text. 
’ 10-17% added for diurnal diffusion correction of CO2 as indicated in text. 


¢ Inferred from the community quotient. 


4 Calculated on the basis of the protein-carbohydrate proportions indicated by the community photosynthetic quotient, 7.6 x 104 m? area, and the discharge. Carbo- 
hydrate figured with a PQ of 1 and .94 gm organic matter/gm Oo; protein figured with a photosynthetic quotient of 1.97 for a nitrate-nitrogen source and .51 gm organic 


matter/gm COe. 


¢ A constant ash/organic ratio of 23% was assumed for lack of information on annual variation. 
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night is —1.1 ppm/hr from Table 8. The carbon 


dioxide release due to respiration is estimated from 
a few bell jar measurements in Table 11 as .30 


gm/m?/hr (.27 ppm). The accrual due to the ad- 
dition of half of the water from the side boils is 
obtained from the mean of the carbon dioxide values 
of the lateral boils in Table 2 (9.34 ppm) and 
prorated on a 1 to 1 basis with the boil water (9.58 
ppm). This leads to an accrual effect of —.12 ppm. 
Diffusion is determined from the relationship q=a 
+r—d, where q is the rate of change of carbon 
dioxide per area, a is accrual, r is respiration, and d is 
diffusion. The diffusion rate is found to be 1.27 
ppm /hr for 8.6 ppm average saturation excess (.4 
ppm is saturation), which is computed as a carbon 
dioxide transfer coefficient of .17 gm/m?/hr/ppm 
deficit (.15 ppm/ppm deficit). Since the bell jar 
respiration estimate may be too small, this estimate 
of the gas transfer coefficient for carbon dioxide 
is probably also too small. All estimates of CO, 
diffusions are made with a gas transfer coefficient 
of 0.21 ppm/ppm deficit gradient (mean of the 
value from the bell jar method, 0.15 and from the 
oxygen coefficient, 0.26). 

The carbon dioxide gas transfer coefficient is 
used to correct the carbon dioxide production curves 
for diurnal differences in diffusion by the hour in 
Table 10. For example on May 23, 1954 (Fig. 24) 
this correction summed over the whole day is only 
5.9 ppm/hrs or 22%. As in the oxygen case 
there tends to be a decrease in diffusion correction 
with decrease in the production. 

The uptake of carbon dioxide during the day as 
in the case of oxygen is strikingly correlated with 
the daily passage of the sun. However, the carbon 
dioxide values are extremely variable from sample to 
sample. The range of variation and functuation is 
greater than that inherent in the analytical technique 
as determined by the comparison of standard devia- 
tions in Table 4 or 8. Why the oxygen curves 
should be smoother than the carbon dioxide curves is 
not clear. It may be that the bubbles of oxygen 
that rise from the plants before being dissolved 
help to distribute the oxygen production uniformly, 
whereas the carbon dioxide taken up occurs only at 
the plant surfaces thus permitting isolated eddies of 
different carbon dioxide to develop depending on the 
trajectory. The winter curves for both oxygen and 
sarbon dioxide have less variability than the sum- 
mer curves. It may be that in summer the back- 
waters tend to become heated and thus to form 
microstratifications which serve to isolate the water 
longer. In winter the cooling at the surface main- 
tains more vigorous turbulence in the stream. The 
turbulence seems noticeably greater in the small 11 
ft. aluminum boat on cold winter mornings as com- 
pared to the warmer seasons. At sunset some of 
the carbon dioxide curves (Figs. 23-31) in the 

yarmer seasons show erratic variations that are 
wider in range than at other times of the day. With 
cooling in the evening the heated, trapped, water 
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in some of the backwaters may tend to break out and 
join the main circulation. When water becomes 
isolated in the margins, the diffusion diminishes as 
concentrations approach saturation relative to the air 
whereas in the concentrations remain 
unsaturated. In the case of oxygen, 6 ppm may 
diffuse in from the air before saturation is reached 
but 9 ppm of carbon dioxide ean diffuse out. Thus 
waters in the shallows may lose more carbon dioxide 
than they gain oxygen. When such water mixes 
back into the main channel especially at sunset, 
the possible modification of concentrations there may 
be greater for carbon dioxide than for oxygen. This 
effect may partially account for the greater fluctua- 
dioxide curves in 
Silver Springs 


main stream 


tions observed in the carbon 
Figures 23 to 30. Waters from 
standing for long periods of time lose even more 
carbon dioxide by the coneurrent precipitation of 
calcium carbonate which is supersaturated. 

The loss of carbon dioxide from Silver Springs 
water is illustrated by the rise in pH from 7.5 to 
8.15 in an open carbuoy in 33 days with concurrent 
deposition of both acid soluble and acid insoluble 
crystals on the sides. If diffusion in the shallows 
is greatest when mixing is oceurring as at night, 
there may be a_ higher (and lower COs) 
before than after main flow. 
Some suggestion of a observed in 
Figures 23-31. 

A very interesting characteristic of two winter 
curves (Figs. 25 and 26) was the rapid return of the 
oxygen curve to a night value in contrast to the 
slow return of the carbon dioxide to night values. 
The implication of this pattern if it is a real one is 
that carbon dioxide is being fixed after sunset by 
dark reactions. 
for a carbon dioxide post-sunset lag (Figs. 27, 28 and 
29). 

Since the alkalinity at any one place is essentially 
constant as indicated in Table 1 and Figure 13, the 
changes in carbon dioxide should produce correspond- 
ing changes in pH. In Figure 21 the pH is ealeu- 
lated with the Moore (1939) equations for an alka- 
linity of 144 ppm characteristic of the downstream 
station after side flows have entered. The pH was 
also measured with the Beckman pH meter model 
G. It was found that because of the low organic 
matter of the water, pH and carbon dioxide deter- 
minations could be delayed several hours in closed 
bottles so that accurate work could be done back in 
the laboratory. The measured and calculated values 
of pH are very similar (Fig. 24) showing the manner 
by which the pH may be used to measure stream 
carbon dioxide and thus production, as done in lakes 
by Verduin (1951). 

In Figures 25, 26, and 28 just after sunrise there 
is evidence of a burst of photosynthetic activity and 
an irregular pattern of the oxygen and carbon dioxide 
curves. It is possible that this pattern in nature 
is similar to some patterns recorded in algal cul- 
tures following dark periods when the release and 


oxygen 
sunset in the 
difference is 


dawn 


Other curves showed some tendency 
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TABLE 11. Light and Dark Bell Jar Experiments in the Field. 





NITRATE-NITROGEN | [INORGANIC PHOSPHATE 
PHOSPHORUS 


lapse minutes 


Start ppm 
gm COes/! 
Start 


]. TALL Bet Jars Over Sacirtarta, .0326 m?/jar 
11.6 1/jar volume 
Ligta bell ,ars: 
May 14, 1953, clear 
I 2:30 p.m, 
: . , 200 p.m. 
May 25, 1953, scattered cumulus 
1 Jee ' 200 p.m. 
3:00 p.m. 
200 p.m. 


wwnwwn 


3:06 p.m. 


-048 -0015 
.035} — .0006 
OAL — .00027 
066 — .0032 


1 ae er 739 p.mn. 


ow 


:40 p.m. 


p.m. 


tw tw w& w 
— be the he 


5 p.m. 


Mean — 00114 


Mean of light 
Dark bell jars: 
May 14, 1953.. - 2:30 p.m. 
June 22, 1953 
Bese ss 735 p.m. 
p.m. 


? 
Rises Eero SV WF Weis | 335 p.m. 


3. 
3. 
1. 
2 
a 
2 


Mean of last two in each set 


May 13-14, 1954 
8:55 p.m. .37| —.10 .0070).040/0 0 


9:08 p.m. | ¢ 2.6 . . .33) .51) —.30 .020 |.044/—.022) —.0015 
24) —.12 .0084/.040) .040 .0028 


0115 -0004 


9:30 p.m. 





Mean of dark 
U. Suort Bevt Jars Over Mup Surrace. (No 
Sagittaria-aufwuchs) 1.8 1/jar; area, .020 m?/jar. 
Light hell pars: 
EG is icie ceed dsesvessae 2:30 p.m. 
8. ee cae 2:35 p.m. 
Dark bell jars: 
May 25, 1953 
Besek acs eek any 2:35 p.m. 
2.. ite cae :35 p.m. 


Ri acw wei a-08 ; ; 3:10 p.m. 
Bias 3:15 p.m. 


Ma eite sa:5 3:20 p.m. 


Mean... 
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Fig. Annual sequence of primary production, 
from growth measurements in cages reported in Table 
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The lowermost curve is the net production of Sagittaria 


12. The gross primary production of the entire eom- 


munity as estimated from detailed diurnal curves of Figures 23 to 31 are plotted on the basis of calculations 


in Table 10. 


compensation points are indicated by horizontal dashe | 


shaded area under the curve of dry weight production. 





uptake of carbon dioxide is at first irregular (Rabino- 
witch 1951). 


PHOTOSYNTHETIC QUOTIENT 

Ryther (1956) has recently reviewed the infor- 
mation on naturally occurring photosynthetic quo- 
tients indicating that beeause of the nature of the 
organic matter produced by the community, quotients 
of about 1.25 usual, higher values 
occur if the nitrogen is supplied as nitrate. In 


are and even 


study of oxygen and carbon dioxide curves in Swiss 


Times of protein synthesis are indicated on the basis of photosynthetic quotients. 





Community 


lines. The annual production is obtained from the 





values 
stream 


similar 
natural 


found 
for 


streams Schmassman (1951) 
of the photosynthetie quotient 
communities. 

The ares 
used to measure oxygen production after corrections 
were applied for diffusion and bubble loss. Similarly 


under each diurnal oxygen curve was 


the area above the curve of carbon dioxide was 
utilized to measure the carbon dioxide uptake. The 


photosynthetic quotients from the two measurements 
are given in Table 10 and are used to caleulate pro- 
duction values in Figure 33. There is apparently 
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a higher photosynthetic quotient in the seasons of 
greater production possibly because of more protein 
synthesis in summer. Winter metabolisms may be 
mainly maintenance in the form of carbohydrate 
metabolism. (1949) reported a_ possibly 
similar phenomenon in Chlorella culture. The photo- 
synthetie quotient was near one when photosynthesis 
did not much exceed respiration but increased as 
the P/R ratio increased. More light produced higher 


Myers 


protein content. 

As indicated in the section on nitrogen metabo- 
lism, the main source of nitrogen is nitrate. Thus 
the oxygen produced relative to the carbon dioxide 
used is different from that where nitrogen is supplied 
as ammonia or organic nitrogen. As deseribed in 
the section on the annual cycle of production, photo- 
synthesis is about 70% algal and 30% by Sagittaria. 
If the nitrogen content is respectively 8% (assumed) 
and 2.0% (Kjeldahl) there is about 6.2% total 
nitrogen being assimilated or about 39% protein 
(6.2% x 6.25). If the nitrogen source was ammonia, 
the photosynthetic quotient might be expected to be 
1.17. With nitrate as source a quotient of 1.38 is 
expected. Metabolism of this latter type was observed 
on sunny days in spring and summer (Table 10). 


BELL JAR MEASUREMENTS 

Since the springs community is mainly attached 
to the bottom rather than suspended in the water 
the light bottle-dark bottle method can be applied only 
if a typical sample area of the bottom can be placed 
in the bottles for measurements. Glass and _ plastic 
bell jars, therefore, were adapted for in situ 
measurements as shown in Figure 34. The under- 
water observer wich face mask placed the bell jars 
over the community. The edges of the jar settled 
several centimeters into the soft muck bottom thus 
sealing the jar. Then by means of a tube held 
within the jar by a stiff wire, water was drawn from 
the bell jar by means of the sampling device. The 
air within the two 125-ce bottles on the stick rose 
to the surface through the outlet tube and was re- 
placed with water drawn from the bell jar. To 
speed up the process, the observer applied mouth 
suction to the outlet tube. The water was drawn 
from the outside up into the bell jar through 
the mud at the rim creating a slight disturbance 
and turbidity in the lower few centimeters of 
the bell jar. The upper volume of water was undis- 
turbed. After a measured interval of time, about an 
hour, the sampler was again attached to the bell 
jar tube and another sample was taken. From the 
change in chemical content between the first and 
second sample and from the volume and area of the 
base of the bell jar, the metabolism per area was 
computed. It was found that one observer working 
continuously could set four such bell jars and 
sample at hourly intervals. Black cloth was used for 
making black bell jar measurements of respiratory 
metabolism, 
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Fic. 34. Position of bell jar and sampler in field ex- 
periments, 


This method has produced considerable variation 
in values due to a number of difficulties that seem 
inherent in the method. Heterogeneity of community 
is one source of error that arises due to the difficulty 
of placing the bell jar over the waving blades so 
as to exactly include a representative fraction. The 
disturbance of mud in drawing the first sample 
may also introduce errors. 

In the Silver Springs bell jars and in similar 
work done on coral reef substrates (Odum & Oduin 
1955) a lag effect was observed. If in the middle 
of the day one places a black bell jar over the reef 
or Sagittaria substrates the oxygen in the water 
continues to rise for the first half hour. This is 
apparently due to diffusion of the oxygen from 
bubbles in the aufwuchs and reef substrates into the 
water even though the plant cells are no longer re- 
leasing oxygen. As seen from the data for Nov. 
28, 1952 in Table 11, measurements in subsequent 
time periods after an adjustment period are more con- 
sistent. One cannot therefore use short time measure- 
ments made immediately after placing the jars over 
the community. 

The bubbles found in the top of the bell jar are 
another source of error. A few bubbles come from 
the mud due to disturbance in placing the jars, but 
most are released from the community and form very 
large pools of air of as much as 15 ce at the top 
of the jar in the light bottles. Much of this is oxygen 
but the bubbles are likely to have a ratio of gases 
more like air as discussed above in the section of 
bubble formation in the aufwuchs. This may not 
be too serious if bubbles already formed are being 
released upward by production of more bubbles. 
At times the bubbles form a considerable volume 
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even though the oxygen in the bell jar water is not 
super-saturated. 

Most serious of all is the lowering of metabolic 
rates that may result from the stoppage of current 
flow. That current makes a big difference in aquatic 
plant metabolism was shown by Gessner (1937). A 
discussion of this error is included in the community 
respiration section that follows. 

From the comments on sources of error it is plain 
that the method is exceedingly rough and may not 
be as useful as the black and light bottle method in 
planktonic communities. Nevertheless, averages of 
these values give one some kind of check on the or- 
ders of magnitude of photosynthesis and an inde- 
pendent estimate of respiratory metabolism. It 
should be emphasized that the biomass of this com- 
munity in each bell jar is enormous. All of the 
oxygen disappears from a black bell jar after several 
hours. The productivity and metabolism are very 
high. 

An excess of photosynthesis over respiration is 
indicated by bell jar experiments over 3 days. From 
5:00 p.m. May 25 to 5:00 p.m. May 28, three light 
jars had extensive bubbles in the top. The water at 
23° C had 8.91, 12.90, and 13.81 ppm oxygen indica- 
ting supersaturation. The dark bottles had .98, 0, 
and 0 ppm and a few gas bubbles. 


BACTERIAL METABOLISM 


In the deseription of the community above, 


quantitative counts showed a high bacterial popula- 


tion in the periphyton and in the ooze. The periphy- 
ton bacteria were inseparably bound in with the 
algae so that it was not possible to separate and 
measure their metabolism, Part of this may be auto- 
trophic. To estimate the bacterial metabolism on 
the ooze surfaces, small bell jars 6 inches high were 
rigged with tubes as described for the tall jars. The 
ooze surface under the plants was skimmed off so 
that the upper centimeter was removed. This was 
done to remove algae which may have sedimented 

Then the small bell jars were placed down 
black cloth covers and the oxygen uptake 
These measurements were converted into 


there. 
with 
measured, 
respiration rates per area as given in Table 11, 
averaging .079 gm O,/m?/hr. If this metabolic 
rate is divided by .3 gm dry bacteria biomass /m? 
estimated in Table 7 as populating the upper em 
of mud, a dry weight-based metabolic rate estimate 
is obtained. This value, 270. mg O?gm dry bacteria- 
hr, is higher than might be expected for active 
bacterial populations according to their size. <A 
discussion of organismal] size and biomass structure 
is given by Odum (1956b) including a graph of size 
and metabolism based on data in Zeuthen (1953). 
Either the bacteria are fully active in a layer deeper 
than 1 em or the bacterial metabolic rate is large. 

An equal biomass of bacteria (.3 gm/m?) was 
estimated to inhabit the aufwuchs (Table 7). These 
bacteria, unlike those in the upper mud, are well 
exposed to circulation and presumably possess as 
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metabolism per individual and per 
biomass. In absence of data as to the fraction of 
the aufwuchs metabolism due to heterotrophic bac- 
teria, the metabolism of the aufwuchs bacteria was 
assumed to equal that of the mud _ bacteria (see 
Table 13). If this metabolic rate is of the right 
order of magnitude, the bacteria are of great im- 
portance metabolically in spite of their insignifi- 


great a gram 


‘ant biomass. 

As the oxygen falls below 1 ppm the 
respiration falls as has been previously shown for 
marine waters (Zobell 1940) and waters 
(Pomeroy 1938). Thus the respiration deep in the 
mud can be inferred to be negligible relative to that 
in the surface mud. The usefulness of the black 
bell jar method is thus also restricted to short aerobic 
periods of 20 minutes to 3 hours. Criticisms of 
the short bell jar results because of the artificial 
current stoppage are not so serious, since the current 
is normally very small at the base of the heavy bed 
of plants above the Silver Springs mud. 


rate of 


sewage 


CAGE ENCLOSURE EXPERIMENTS 

In order to measure the growth rates and pro- 
duction by the Sagittaria, four large cages (3’ by 
6’ by 4’) were built and submerged in the spring 
almost to the top. The hardware cloth tops hinged 
upward so that one could enter the cage and work 
with face mask in about 3 feet of water. Following 
a suggestion of Dr. A. M. Laessle, Univ. of Florida, 
Sagittaria plants were taken from other areas and 
replanted within the cages. Short bladed plants 
of 6 to 10 inches length were selected, dead blades 
were removed and a wet weight was taken by measur- 
ing the weight with a milk seale reading in lbs and 
tenths after 1 minute drain. The root systems were 
intact and the plants were readily thrust into the 
muck in the floor of the cage: much as one plants 
rice plants. After 1 to 2 months the plants were 
pulled out, washed and reweighed. The wet weight 
increase was then converted into dry weight equiva- 
lent. Natural conditions of growth were maintained 
by the current that flowed continually through the 
eage. Even after the became covered with 
filamentous algae, the current within the cage was 
03 m Outside the current was .21 m/sec. The 
temperature and nutrient conditions were remarkably 
constant since the same spot always gets about the 
same trajectory of water except for some eddies. 
It was found that the hardware cloth walls of the 
rage kept out larger fishes but for some behavioristic 
reason caused the minnows to concentrate. 800 min- 
nows were estimated in one cage. The continual 
nibbling at the aufwuchs by these fishes tended to 
keep the algae fairly constant so that the weight 
increases observed are mainly that of the Sagittaria 
rather than the aufwuchs. The aufwuchs was un- 
doubtedly experiencing a greater production, but its 
rate of turnover and utilization was so high that 
it did not affect these weight measurements made 
at the start and end of a months time. 


age 
age 


sec. 
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TABLE 12. Plant Growth in Cage Enclosures. 





|Net growth 
dry gm/ 
m?/day 
| (in a con- 
tinuous 
raft) 


Time 
lapse 
ays | 


%, Increase 
per day® 


Starting 
Species ate 


PISTIA 
in 1.67 n2 cage 7.7% dry of 
wet: 10.0 kg wet in 1.67 m? 
raft 1952-1953. . Aug. 
Oct. 
Nov. 
Feb. 
| Mar. 
| Apr. 
May 
May 
June 
SAGITTARIA LORATA 
in 1.67 m2 cage 636 gm/m? in 
natural density 


1952. 


EICHORNIA 
in 1.17 m2 cage 380 dry gm/ 
m? in a raft 
1953... 
8.9% dry of wet. 
7. 1 kg wet/1.67 m?. 


CERATOPHYLLUM 
DEMERSUM 
in a.0016 m® cage at .3m depth. 
Growth calculated on a basis 
of 1116 dry gm/m? in a natural 
density 
1952-1953 


or wa te te 
i 


NAJAS GUADALUPENSIS 
in a .125 m3 cage suspended 
1 ft. below water in Blue 
Spring, Alachua Co., Fla. 850 
gm/m? dry? 

1951-52. 


In Silver Springs 
1953... 
ALGAL MATS 
natural accumulation on the 
bottom of a 2.24 m? cage; 544 
gms/in2 wet; 20.5% dry of wet} 
re Feb. 12 | 58 3.6 3.9 
| | 


_ ® Daily increment of change referred to mean biomass during the period of time 
in order to compute the percent change. _ i : 

> Measurement of dry weight per area in natural patches in springs by J. H. 
Davis. 


The snails were a problem especially in the spring 
ot the year. The hardware cloth kept the adults 
out but in the spring small juvenile Pomacea could 
enter and grow to important size in a couple of 


weeks. Two series had to be disearded when large 
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snails were found inside at the close of the period. 
These measurements were repeated, however, a year 
later so that a years cycle of cage enclosure measure- 
ments of Sagittaria was obtained. These are given 
in Figure 33 and Table 12. 

These results show a definite seasonal pattern in 
growth measurements in spite of constant tempera- 
ture, current, and chemical media. The hydro- 
graphic microclimate in the cage is shown in Table 
5. Two main factors due to the experimental pro- 
cedure probably caused an underestimation of growth. 
One was the effect of pulling up the plants and 
replanting. Root were found to be re- 
established after two weeks but growth was pre- 
sumably partially inhibited during this time. Also 
the hardware cloth kept out considerable light as 
indicated in the light meter readings taken from with- 
in the enclosures. At 11:15 May 2, 1955 the top 
was found to remove 19% of visible light. 52% of 
direct sunlight reached the bottom in the cage through 
the top and 3 ft of water. Thus the hight conditions 
within the cage resembled those at usual Sagittaria 
depths, 6-8 ft (Fig. 14). Since some of the com- 
munity was somewhat shaded and in deeper water 
than the cage enclosure it may be that the conditions 
in the enclosure were not too far from an average 
condition. At least the order of magnitude is shown 
and the measurements are of comparable value. The 
replanted clumps seemed normal in every way with 
rapid elongations to three times planted length in 
Blooming of the Sagit- 


systems 


some blades in three weeks. 
taria occurred in these enclosed communities at all 
seasons. Also reported in Table 12 are some high 
growth rates for Ceratophyllum. 

BIOASSAY 


PLEUSTON NUTRIENT 


Some growth measurements were made of the 
floating macrophytes Pistia and Eichornia. These 
plants are not a major part of the community but 
served as a means of making a nutrient bioassay 
of the potential fertility of waters. With the con- 
stant flow of similar water underneath the plant 
roots, the growth at different times of the year would 
be expected to be a function of air temperature 
and light only. As seen in Table 12 the growths 
observed winter the growth of 
Pistia retrogressed with the decay of leaves and loss 


were large. In 


to some insects causing a decrease in weight even 
though there were always small centers of fresh 
new growth branching out. The winter 
was correlated with the growth pattern of the species 
outside of the cages where the Pistia almost disap- 
peared during the winter to grow forth in con- 
siderable patches in the summer. 
Penfound 
terprets summer minima in net growth 


decrease 


A summer growth 
(1956) in- 
rates as a 
result of higher summer respiration. The enormous 
productions here with all the pleuston may be 
reasonable since high light intensities are available 
to emergent plants and since the roots are continual- 
ly bathed in high nutrient water. Penfound in a 


minimum was also observed. 
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review (1956) summarizes available data in suggest- 
ing that the primary productivity of emergent 
aquatic plants is as high or higher than that entirely 
in water or entirely on land. 

It is suggested that for assay of nutrient condi- 
tions one needs only to transplant some of these 
floating aquatics in enclosures and measure their 
increase in wet weight after three weeks. If careful 
record is kept of air temperature, it should be pos- 
sible to develop a rapid and significant bioassay of 
total lake conditions. This is especially important 
for tropical areas where emergent aquatic plants 
dominate and where temperature ranges are minimal. 


ANIMAL GROWTH RATES AND METABOLISM 

Conceptually determination of the energy enter- 
ing a trophic level is not difficult since this input 
energy is roughly equal to the metabolic rate of the 
organisms plus their net growth rate. From estimates 
of the standing biomass per area and the respiration 
per gram biomass obtained from physiological data 
one may calculate the flux of energy into a trophic 
level. In pioneer work by Lindemann (1942) Juday 
(1940) and Dineen (1953) various assumptions are 
made as to growth rate per organism in order to 
determine the productivities and efficiencies of each 
trophic level. 

Measurement of the outflow of organic matter 
from a trophic level is more tedious and estimation 
of the growth rate of the varied animal components 
by trophic levels is rarely achieved. Usually, direct 
determinations have been mostly restricted to one 
trophic level because of the extensive amount of 
work required to get satisfactory measurements. 

In this study, some efforts have been made to 
estimate the growth rates of a few of the main 
consumer components of all trophic levels directly. 
It must be realized that in spite of the efforts ex- 
pended and the constaney and reproducibility of 
ecosystem a really satisfactory series of measurements 
of herbivore and carnivore production has not been 
obtained. Whether these estimates of dominants 
can be used to represent the entire trophic level is 
also uncertain. 

Measurements and calculations of turnover 
(steady state assumed) were made as follows as 
summarized in Table 13. Viviparus snails were 
enclosed in a hardware cloth. The wet volume dis- 
placement was measured at the start and at the end 
of a period of 31 days. Najas and Sagittaria were 
placed in the cage which was placed down on the 
muck under the plants in the normal environment 
for these water breathing snails. A similar experi- 
ment was conducted with Pomacea snails in a cage 
which was partly out of water and filled with 
duckweed. 

The growth rates of small aufwuchs animals are 
estimated in Table 13 from the data on the rate of 
growth of the Sagittaria blades. If the plant blades 
and populations of animals on the blades are in a 
steady state and stable on the average, the rate 


rates 
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TABLE 13. Estimates of Turnover Rates (Popula- 
tion turnover: net production/standing crop) 





Basis for Calculation | Turnover 
7 
% per 


| year 


Component 


Producers: | 
Sagittaria. . 599 gm dry/m? standing crop*, 1900 gm/ 
| m2/yr. production» 
177 gm dry/m? standing crop, 4490 gm 
| m2/yr. production 


| ratio of total production and standing crop 


Algae 
2540% 
1212% 


Total 


Herbivores: 
Viviparus 40 individuals kept in a bottom cage; 6%/ 

| month wet volume increase per surviving 
individual. Alternative approach: 6 individ- 
uals died in 31 days; 15% replacement | 
required per month. Mean estimate 

| 5 individuals in a cage with duckweed; 27% | 

wet volume increase /individual/month | 

From Marchand (1942) about 7% growth/ 

yr. for turtles of intermediate size (170mm) | 


| 
| 
| 
| 
| 


Pomacea. 

Turtles. ... 

Stumpknockers. . See below 

half carnivore) 

Mean of the repre- 

sentative larger 

herbivores... . 

Midges and Caddis- | .16 (.23, .09) mg dry flies per cm? of blade 

tip in the zone of breaking off (Fig. 18); 
1% replacement of lost tips/day due to 
outgrowth of Sagittaria (Table 12); 25.5 m2 
blade area/m? bottom; thus .42 gm/m2/ 
day replacement; standing crop*, 1.7 gm/m?2 9100% 


flies (representative 
of small herbivores) 


Carnivores 
Stumpknrockers . 
half herbivore) 


Growth of 22 fish in experimental enclo- 
sures°; .31°7, weight increase/day 
Top Carnivores 

Bass... Recovery of 6 tagged individuals¢; .19°/ 

increase in weight/day 

Decomposers 
Bacteria 

Mud Surface Standing crop in upper em of mud* .3 gm 
dry/m?; metabolism (Table 7) .079 gm 
oxygen/m?2/hr (Table 11) 
standing crop in aufwuchs®, .3 gm dry/m?2; 
metabolism assumed to equal that of the 
mud bacteria 


Aufwuchs. . 








* See Table 7. 
b See text of the section on annual cycle of production. 
¢ Data from Caldwell, Odum, Hellicr, and Berry (1956). 


of blade growth indicates the rate of replacement 
of the heavily encrusted populations on the blade 
tips. Some of the animals emerge, some are eaten, 
and some drift downstream but the rate of replace- 
ment is the rate of growth. 

The growth estimates of stumpknockers and bass 
were obtained only after extensive efforts that are 
reported in detail elsewhere (Caldwell, Odum, Hel- 
lier & Berry, 1956). 

A few metabolism estimates were made of animals 
placed in bottles of Silver Springs water Aug. 24, 
1955. Winkler oxygen determinations were made 
before and after short periods of time. The respira- 
tion rates in mg oxygen/gm/hr dry weight of tissue 
are given as follows: punctatus, .39 
mg /gm /hr; Gammarus, 3.54 mg/gm /hr; midges and 


caddis flies (including tubes and eases), .35 mg/ 


Lepomis 
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gm /hr; Viviparus, 45 mg/gm/hr; Oxytrema, .75 
mg/gm/hr; Lucania, 1.81 mg /gm /hr. 

These values suggest that animals in the Silver 
Springs environment possess the same rates of energy 
intake as found in similarly adapted animals else- 
where at the same temperature. (For example, see 
values given by Prosser 1950). 

For the dominant carnivore, the stumpknocker, 
the above respiration (9.4 mg/gm/day) plus growth 
(Table 13, 3.1 mg/gm/day) when divided into the 
growth produces a growth efficiency estimate of 
25%. (One gram dry weight is taken as roughly 
equivalent to a gram of oxygen). For the midges 
and caddis flies this procedure leads to an estimate 
of 23% growth efficiency (8.4 mg/gm/day respira- 
tion; 2.5 mg/gm/day growth). For Viviparus there 
is an efficiency of 23% (10.8 mg/gm/day respira- 
tion; 3.3 mg/gm/day growth). 


Insect EMERGENCE 

A few measurements of the insect emergence were 
made, at first inadvertently, with the funnel device 
which was set up for the measurement of oxygen 
bubbles. The funnel device (Fig. 32) catches the 
pupae as they rise to the surface to emerge. Measure- 
ments were made at 4 stations at different distances 
from shore on stakes in .3, .45, .6, and 1.3 m depths. 
Jonasson (1954) has reeently deseribed a_ similar 
device. 

The emergence of insects is very heavy and mainly 
restricted to the hours between dusk and midnight. 
The daily cycle is indicated by the graph in Figure 
32. Maximum emergence as visually observed was 
at 7:45 pm March 26, 1953. On March 6, 1953 the 
emergence began at 7 pm and was gone at 9 pm. 
The emergence seems to be as large on cold winter 
nights as in the summer. However, in the winter 
the clouds disappeared rapidly so that one hour after 
dark there were few to be seen. In the summer the 
clouds persisted longer. Almost no dawn emergence 
noted in the headwater zones where mainly 
midges and caddis flies dominate. On one oceasion 
(Dec. 3, 1952) a small dawn emergence of may 
flies was noted in winter 4 miles downstream both at 
dawn and at 4:30 pm. May flies are almost absent 
from the upper spring regions. The insect emer- 
gence when converted into a grams per area per time 
basis (.01 gm/m?/day) is found to be small relative 
to the growth of aquatie insects (.42 gm /m?/day) 
as estimated from the ealeulated rate of aufwuchs 
replacement (Table 13). With 41,800 individual 
midges and caddis fly larvae per square meter and a 
emergence of about 236 individuals per square meter 
per day the emergence involves only .6% of the 
population /day. There is apparently a very high 
turnover as indicated in Table 13 (25% /day). 


was 


NITROGEN METABOLISM 
The waters emerging from the ground contain a 
relatively high nitrate concentration of about .46 
ppm as indicated in Table 1, 2, 3, and 8. The 
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Kjeldahl nitrogen was only .002 ppm in the boil and 
.08 ppm downstream as measured approximately 
on Feb. 25, 1954. Nitrates were measured with two 
methods whose accuracy is discussed in the chemical 
methods section. 

Evidences of several kinds indicate that the nitrate 
is decreased by the plant beds both during the day 
and night so that the nitrate reaching the 34 mile 
downstream station decreases in concentration slightly 
but significantly. Where water passes through the 
plants relatively slowly as in the microhabitats along 
the bottom and edges, the nitrate falls markedly as 
indicated by the low values in Table 5 in comparison 
to those of the open flow. Similarly when bell 
jars were placed over the plant beds and samples 
extracted before and after a period of time as de- 
seribed in the section above on bell jar experiments, 
a rapid nitrate uptake was indicated by the rapid 
drop of nitrate in the jar (Table 11). 

In Figure 35 is shown a circulating water system 
containing a blade of Sagittaria with its aufwuchs 
community of algae, bacteria, and animals. Silver 
Springs water was circulated over this community 
for several hours. Then the composition of water 
was again determined. The nitrate was rapidly de- 
creased. The oxygen was also rapidly removed from 
this community. Whether nitrate was assimilated or 
reduced was not determined in this case. However, 
nitrate was decreased from 0.4 to 0.2 ppm while 
the dissolved oxygen was still above 5.0 ppm. These 
various measurements suggest that these communities 
remove nitrate nitrogen during both day and night. 
On March 26, 1955 there was not a significant dif- 
ference between samples at different times of the 
day as compared with variation within pairs of 
samples collected at the same time (Table 7). 

Data are given in Table 8 which indicate that 


SILVER 
SPRINGS 
WATER 


| 


CIRCULATING PUMP 
TAP FOR 
MEASUREMENTS 
Fig. 35. Cireulating stream apparatus used as a flow- 
ing respirometer. 
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TABLE 14. Nitrate Changes in Aerobie and Anaerobic 


Springs 





NITRATE NITROGEN 


Separate analyses 


Mean | 
SS = ne re |—__— 
Nitrate Decrease in an Aereated Spring 
Ichatucknee Springs, Mill Spring Boil, 
Flow through bed of eel grass; Data from} 
Gordon Broadhead April 17, 1953* 
Above plant bed } .155 


| 


Below plant bed 


Difference 
Nitrate Increase in Anaerobic Springs 
Beecher Springs, Welaka, dominated by 
blue-green algae and white sulfur bac- 
teria. Oxygen values given in Odum and 
Caldwell (1955) 
Feb. 6, 1953* 
Boil. 
200 m downstream. . 
350 m downstream 
Aug. 2, 1955' 
Boil, 11:30 p.m. 


200 m downstream 
night, 10:30 p.m. 


daytime, 1:30 p.m. } 
Green Cove Springs, dominated by blue- 
green algae and white sulfur bacteria in 
the run below a swimming pool. 
Jan. 27, 1953, 8:30 p.m.* 
Boil 
40 m (below swimming pool). 
70 m downstream 
100 m downstream 
145 m downstream 
Mar. 4, 19534 
Bcil 
40 m (below swimming pool 
45 m 
70m 
100 m 


145 0 O45 


- 105, 
| 


* Phenoldisulphonic acid method. 
> Strychnidine method. 
¢ Significant at P =5%. 


there is a significant difference between analyses 
made in the main boil and those made downstream. 
This decrease seems to be a result of two processes, 
one the community action described above and the 
other the mixing of the lateral boils. The average 
nitrate nitrogen in the side boils (Table 2) is 0.402 
ppm which is 0.061 ppm less than that in the main 
boil (0.463 ppm, Table 8). Since half of the water 
is from the main boil and half from the side flows, 
a nitrate content of 0.433 ppm would be expected 
downstream from the mixture of all the water sources. 
The observed nitrate at the 34 mile station is 0.408 
(Table 8). Thus there is apparently a nitrate re- 
moval by the community of about 0.025 ppm. 

Mill Springs, one of the Ichatucknee Springs, 
Columbia Co., Fla. was studied by Gordon Broadhead 
to further test the action of the eelgrass—aufwuchs 
beds on nitrate. The spring outflow of water is some- 
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what similar in quality to that of Silver Springs 
(Ferguson et al. 1947). Measurements of nitrate 
were made above and below a uniform bed of 
Vallisneria about 0.3 m deep. In this situation there 
is little complication due to stagnating water and 
side inflows. As indicated from the data in Table 
14, there was a definite nitrate decrease in the water 
both during the night and during the day. 

Some nitrite-nitrogen measurements made up- 
stream and downstream in Silver Springs are included 
in Table 3. There were no changes of sufficient 
magnitude to account for chemical reduction of nitrate 
to nitrite. Thus some living components in the 
plant beds are apparently assimilating nitrate. Some 
of this may be bacterial denitrifying activity where 
oxygen is low in the mud and some is the nitrate 
assimilation in photosynthesis. 

In Silver Springs the main part of the community 
is composed of a complex of Sagittaria and aufwuchs. 
A Kjeldahl nitrogen determination of this material 
indicated 2.12% nitrogen. Thus one may infer that 
about 13.3% (6.25 x 2.12) is protein. 23% of the 
dry material is ash (600° C). Thus if half of the 
production is protein, then the following equation 
adequately describes the relative utilization of carbon 
dioxide and nitrogen in terms of oxygen production: 
By weight for 100 gm dry biomass: 7.1 gm NO, 
+ 117.3 gm CO, + 45.9 gm HO +23 em minerals 
—100 gm biomass (31.9 C; 2.1 N; 37.9 Os; 5.1 H; 
23 ash) + 94 gm Oy. If a day’s oxygen release 
averages 16.6 gm/m*/day, as taken from the data 
in Figure 33, then a day’s nitrate-nitrogen assimila- 
tion fixation according to the equation just given is 
about 1.23 gm/m?/day or for 8.5 x 104 m3/hr dis- 
charge, 0.046 ppm. This allows the nitrate to be 
fixed both day and night as suggested by the data. 
This also accounts for the oxygen that is part of 
the nitrate which is released in photosynthesis. The 
required nitrogen fixation is thus very similar when 
estimated from the content of the community (0.046 
ppm) to that estimated on the assumption that the 
downstream decrease is mainly due to the fixation of 
nitrate by the plants (0.025 ppm). One thus has 
a measure of protein production as well as of carbon 


fixation. 

Although the are only 
approximate, the 0.078 Kjeldahl 
nitrogen downstream is at least of the same order 
of magnitude as the 0.060 decrease in nitrate nitrogen. 
The steady state postulated for the Silver Springs 
annual balance between these 


Kjeldahl values 


increase in 


single 
ppm 


would 
figures. 
Whereas nitrate is removed in partly oxygenated 
Ichatucknee Springs and Silver Springs, some of the 
more reduced springs which are populated with more 
blue green algae may fix more than they use. Some 
suggestion of this may be found in the increases of 
nitrate in going downstream in Green Cove Springs 
and Beecher Springs in Table 14 although the down- 
2 is not signifi- 


require an 


stream change on the night of Aug. 
cant. Both of these springs begin initially with 
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small or negligible nitrate concentrations and zero 
oxygen tensions. These waters do not have ap- 
preciable nitrite concentrations. 

In Silver Springs the nitrate utilization may be 
partially accompanied by a turnover and regeneration 
of nitrate in some parts of the community. Because 
of the nitrogen uptake day and night, nitrogen is 
not a sensitive indicator of photosynthesis in streams. 

PHOSPHORUS METABOLISM 

As indicated in Tables 3 and 8 the phosphorus is 
present mainly as inorganic phosphorus and is main- 
tained at a high and fairly constant concentration 
all the way down the run. Just as the uptake of 
nitrate was detected in water in plant beds in closed 
bell jars and in the upstream-downstream main 
flow, so phosphate phosphorus decreases were found 
in bell jars (Tables 5 and 11). A small significant 
upstream-downstream decrease was found on the aver- 
age (Table 8). The slight decrease in phosphorus 
downstream (0.0055 ppm) includes both the effects 
of the side boils, which were not measured and the 
small uptake of phosphorus by the plants. 

THE NivTROGEN-PHOsPHORUS RATIO 

The ratio of nitrogen to phosphorus is some- 
times useful as an indication of which nutrient will 
tend to be limiting. This is complicated by the self- 
adjustment by some plants of the relative ratio of 
requirement depending on the ratio in the water. 
Even though the absolute quantities of both elements 
are large and not much depleted within the area 
under study, this does not eliminate the possibility 
that one or the other limit growth more than the 
other. In the microhabitats and along the actual 
cell surfaces deficiencies may readily develop. 

The N/P ratio (by weight) in Silver Springs is 
8.05 (.435/.0542, Table 8). By atoms this is 17.8. 
In microhabitats in plant beds (Table 5) the ratio 
by atoms may change to about 10. It seems likely 
that of the two nitrogen is more likely to be limit- 
ing. It is probably coincidental that the N/P of the 
outflow water is so close to plant requirement ratios. 

Similar inferences made regarding boron (Odum 
& Parrish 1954) indicate that boron is far 
limiting than is phosphorus in Silver Springs. 

Fifty phosphorus and nitrate-N analyses were 
made on the same 50 samples in the course of the 
study. A graph of nitrogen versus phosphorus did 
not suggest any correlation of these elements within 
the limits of the methods used. 


less 


CHLOROPHYLL; DiuRNAL PSEUDOPLANKTON 
VARIATION 

using methods 

made of the 

free of 


measurements, 
were 


Chlorophyll “A” 
cited in the methods 
aufwuchs, the Sagittaria 
aufwuchs, and the pseudoplankton as caught on a 
millepore filter. The longitudinal distribution of 
chlorophyll in and on a Sagittaria grass blade were 
presented in Figure 18. The vertical distribution of 


section, 


blades scraped 
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chlorophyll in a waving bed of Sagittaria was given 
in Figure 16 relative to the penetration of light. 

When these estimates are placed on an area basis 
a value of 2.95 gm/m? of chlorophyll is found 
(15.3 mg/10 blade plant clumps; 193 clumps /m?). 
This is only somewhat larger than the values of 
0.9-1.6 gm/m? found by Gessner (1949) not only 
for aquatic communities in lakes but terrestrial 
forests. 

Because of its sensitivity, the chlorophyll method 
was used to determine the diurnal cycle of release 
In Figures 29, 30, and 36 are 


of pseudoplankton. 
caught on 


given diurnal curves of chlorophyll as 
liters of water at the 34 
The comparison between 


millepore filters from 3 
mile downstream station. 
the boil and the downstream station is given in 
Table 3. Blum (1954) deseribes a diurnal pulse in 
stream planktonic algae. The diurnal curves in Sil- 
ver Springs provide convincing support for the diur- 
nal fluctuation in the releasing of pseudoplankton 
from the thick benthic communities. This diurnal 
pattern may include effects due to well 
as the cell divisions. The chlorophyll values obtained 
in the 1955 millepore filter work with 1 to 2 mg 
chlorophyll /m* are somewhat higher than the value 
of 0.41 mg/m* found by Nelson Marshall on July 
2, 1953 with the Foerst centrifuge in a 10-liter sample 
following a one day delay. The lower value may 
reflect a loss of nannoplankton with the Foerst cen- 
trifuge. 


boats as 





CHLOROPHYLL 


24 


we 











DIRECT SUN 
LIGHT 


Diurnal chlorophyll content of water at the 
*4 mile downstream station on a winter day, January 26, 


Fig. 36. 


1956. Data obtained by J. Yount. 


From the diurnal curve of chlorophyll a two-fold 
variation in downstream loss of organic matter is 
indicated. From the rough estimates of total organic 
matter going downstream in the water during the 
day of about 0.8 ppm (Table 8), the chlorophyll 
organic matter ratio is 0.002 (1.6 mg /m3/.8 gm /m?). 
This is not far from the ratio of 0.004 given by 
Manning & Juday (1941) for Wisconsin lakes. In 
the Sagittaria-aufwuchs of the community itself the 
chlorophyll to organic matter ratio is 0.0038 (2.95 
gm/m*/775 gm/m*). The ratio of chloroyphyll to 
organic matter for the aufwuchs algae which are 
the plants most readily swept downstream is higher 
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(0.012 gm chlorophyll/gm dry). For the Sagittaria 
blades after scraping the ratio is lower (0.0030 gm 
chlorophyll /gm dry). 

A comparison of the diurnal curve of chlorophyll 
export for winter (January 26, 1956 in Fig. 36) 
with a curve for summer (July 12, 1955 in Fig. 29) 
suggests a somewhat greater export during the sum- 
mer correlated with the higher production at that 
time. The mean chlorophyll export on the winter day 
is 1.01 mg/m, on the summer day 1.57 mg/m’*. 
The utilization and export of organie matter is less 
subject to fluctuation than is the production. Where- 
as the summer production is 2 to 3 times that in the 
winter, the chlorophyll export is only 1.5 times greater 
in the summer than in the winter. 


COMMUNITY BUDGET 
ANNUAL CYCLE OF PRODUCTION 

The daily gross production including that com- 
pensated for by respiration is given in the graphs 
in Figures 23-31 where the downstream oxygen or 
carbon dioxide is followed through a day. These 
gas production values were converted into ash-free 
dry weight using the observed photosynthetic quotient 
(Table 10). These were then converted into dry 
weight by including 23% ash (x 1.3). When the in- 
dividual day production values are plotted on a graph 
according to the month of the year, either as oxygen 
or as dry weight, a rough curve of annual production 


may be drawn (Figure 33). Included in this are over- 


east and clear days as indicated. The graph is rep- 
resentative since the annual cycle ineludes an alter- 
nation of clear, partly cloudy, and overcast skies. 
Spring is especially clear whereas summer is cloudy. 
That a similar value of production was obtained in 
1952 as in 1953 is another indication of the steady 
state character of the community. 

Drawn horizontally are two lines representing 
community compensation points of two types. One 
is the total respiration estimate for the community 
from the next section. According to the equation 
given in the nitrogen section 0.54 gm/m?/hr Os 
is equivalent to 0.61 gm dry weight including ash 
m*/hr (14.6 gm/m?/day). This is based on 1.13 
gm dry/gm Os, respired where nitrogen is not 
oxidized to nitrate. Respiration in the bell jars was 
accompanied by nitrate decrease rather than increase. 
The second horizontal line drawn in Figure 33 is the 
total organic losses from the community including 
downstream export loss as well as respiration. It will 
be noted that the gross primary production in winter 
does not equal community losses so that there must 
be some retrenchment in total community biomass 
and sediments although it is not conspicuous enough 
to be noted in rough biomass measurements made so 
far. 

Thus the Silver Springs community may maintain 
its great mass of individual producers if they main- 
tain a production above their individual compensa- 
tion points all the year. This is possible by exporting 
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organie matter representing the excess production of 
summer. This situation that communities 
in order to be stable in a region of large annual 
light export considerable 
organic matter during the summer. Alternatively the 
communities must die out during the 
winter in the familiar way of many environments. 


Core 
suggests 


variation must store or 


themselves 


ComMUNITY RESPIRATION 

In the bell jar experiments in natural situations 
cited in a previous section 0.37 gm /m*/hr oxygen 
net production was obtained for sunny spring days 
(Table 11). For a 12 hour day this is 4.45 gm /m? 
day oxygen net primary production. <A glance at the 
oxygen production measurements by the upstream- 
downstream method of 15 to 28 gm /m?/day in Figure 
33 suggests that the bell jar method has under- 
estimated about 4 fold. If the up-stream-down- 
stream method is correct, then the placing of the 
bell jar and consequent cessation of the current flow 
has depressed metabolism. In this ease it may be 
suspected that the respiration measurements by bell 
jars of the Sagittaria-aufwuchs complex is similarly 
too small due to the enelosing effeet. The method 
of estimating respiration in streams from diurnal 
curves suggested previously (Odum 1956a) is not 
applicable here because of the constancy of the night 
saturation deficit. 

In the circulating water apparatus pictured in 
Figure 35 a blade of aufwuchs Sagittaria with a dry 
weight of 0.64 gm used up 2.08 mg/1 oxygen per 
hour under conditions of flow. The 
flow chamber with only water and bacteria used up 
0.87 mg/hr. Subtracting this 0.87 mg one obtains 
1.21 mg /1 oxygen which for a .68 liter capacity gives 
a respiration estimate of 1.3 mg/gm/dry/hr (1.01 
gm oxygen/m*/hr). This is much higher than the 
respiration obtained with the bell jar measurements. 
As indicated in Table 11 0.22 gm oxygen/775 gm 
dry Sagittaria-aufwuchs was used over 1 m? (or 
about 0.28 mg oxygen /gm dry /hr). 

There is thus a dilemma in arriving at a respira- 
tion value for the community with a 4 or 5 fold dif- 
ference in the two estimates. Actually the larger 
values are more like those of other tissues. It is 
possible that without current the oxygen in the thick 
aufwuchs micro-environment becomes locally limiting 
even though the bell jar as a whole still has adequate 
oxygen. 

Two Sagittaria blades with aufwuchs scraped off 
were placed in BOD bottles for respiration measure- 
ments. These blades (dry weight 0.18 and 0.26 gm) 
used 0.58 and 0.55 mg oxygen /gm dry weight /hr over 
a four hour period. For 578 gm /m? Sagittaria (with- 
out aufwuchs) this constitutes a respiration of 0.33 gm 
Thus this respiration alone is greater 
than the estimate from bell jars (.22 gm/m?/hr). 
The addition of the aufwuchs mud surface 
respiration will raise the ngure. 

For these caleulations (Table 15) 
an average 0.79 mg oxygen/gm dry /hr 


0.022 m/see 


oxygen /m? /hr. 
and 


purposes of 
value of 
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(0.61 gm /m*/hr oxygen) is used in overall budget 
calculations (mean of 1.3 and 0.28 mg oxygen /gm 
dry /hr). Choosing an intermediate value may have 
a ‘basis if plants in stillwater margins differ in 
respiration markedly from those in the flow. 

ORGANIC MATTER 


DOWNSTREAM CHANGE OF 


of the special aspects of the headwater 


One 
springs area which make possible an understanding 


of the metabolism is the initial very low organic 
matter content of the waters emerging from the boil. 
As the water passes downstream particulate and 
possibly dissolved organic matter are added as the 
contribution of the community to the downstream 
area. Some measurements were made of organic 
matter by permanganate oxidation and biochemical 
oxygen demand at the boil and downstream as re- 
ported in Table 8. Also estimated were number of 
algal fragments, chlorophyll from this pseudoplank- 
ton, and the weights of large plants floating as caught 
with a gill net. 

The various measurement methods given in Table 
8 are in coneurrence on the level of total organic 
matter as ordinarily between .6 and .9 ppm in the 
upper section of Silver River. Although the magni- 
tudes of the concentrations are small, being less than 
1/10th of the organic matter of the usual lake or 
stream environment, the volume of flow is so large 
that the total flux of organic matter passing in 24 
hours is very large. It is readily obvious to the 
observer in Silver Springs that pseudoplankton is 
breaking off the benthic community and passing 
downstream as large fragments of particulate matter, 
and smaller components. A nice qualitative dem- 
onstration of the increase in organie matter in the 
water is provided by the color of the dry evaporat- 
ing dish after 4 liters of water had been evaporated. 
Water from the boil yields light buff. Downstream 
the dishes are darker and more of humic tan color. 
As evidenced in Table 8 the seston caught in a #10 
net increases 6 to 10 times; the bacteria increase 
10 times; the number of algal cells as counted on 
a cedar oil treated millepore or taken in plankton 
net increases about 30 times in the first 34 mile; 
and the chlorophyll of Foerst centrifuge concentrate 
or of millepore filter collected samples shows a 
5 to 10 fold increase. From these evidences there ean 
be no question that the organie content in recogniz- 
able and particulate fractions increases downstream 
so that the community is exporting this type of 
organic matter from its production. 

However, the picture for colloidal and dissolved 
organic matter is not elear. When efforts were 
made to estimate the total organie matter including 
dissolved and colloidal fractions, some anomalous 
results were obtained. Permanganate oxidations of 
water samples yielded small but not significant in- 
creases between the boil and downstream water and 
biochemical oxygen demand measurements showed 
if anything a reverse effect. In the July 12 and 
July 20 BOD series in Table 8 the filtering had more 
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effect on the downstream water than on the boil water. 
In the June 8 series filtering increases the difference 
between boil and downstream. Because the differences 
of .1 to .3 ppm under consideration are at the limit 
of accuracy of the methods, it is very difficult to 
for these results. It is possible that there 
are some oxidizable, dissolved of the 
boil water which becomes oxidized or absorbed before 
reaching the downstream station. Whether these are 
inorganie or are organie compounds adding to the 
trophie base of the community is not known. Enough 
iron Fiskel (Table 1) although its 
state of reduction has not determined. Since 
there is little proof that non-particulate organic 
matter is quantitatively important to the nutrition of 
most aquatic communities, the interpretation of the 
BOD values remains perplexing. It is interesting 
that Sargent & Austin (1949) similarly reported an 
unexplainable BOD decrease across their coral reef 
It must be kept in mind that the small 
magnitudes of organie matter involved here, al- 
though unimportant as a food source in a standing 
water, are potentially of much greater importance to 
a benthic community beeause of the amount of water 
flow per day. If the boil were receiving dissolved 
but usable nutrient constituents from underground 
to the extent of 0.3 ppm, the effect would equal 
the tremendous and obvious primary production 
documented in previous sections. Even a 
component of organie matter being taken from in- 
flow would profoundly influence production. 

As summarized in Table 15 part of the com- 
munity’s primary production passes downstream as 
small particulate organie matter. 

From Table 8 0.09 mg dry /1 increase in #10 
net seston implies 878 gm/m*?/yr export of small 
particulate organic matter. The large clumps and 
fragments of Sagittaria-aufwuchs complex that float 
conspicuously down the insignificant 
(25 gm/m*/yr) as indicated by measurement. <A 
gill net stretched across the upper 3 ft. of the stream 
at the 34 mile downstream station was used to meas- 
ure these fragments which float at the surface. A 
mean of 216 @m/hr was obtained in three measure- 
ments (Table 8). 

An alternative computation of the magnitude of 
the downstream export of aufwuchs material was 
obtained from the chlorophyll measurements and the 
chlorophyll to organie matter ratio of the aufwuchs 
(.012). An average chlorophyll value (1.25 mg /m3 
was obtained from the diurnal curves of Figures 29, 
30, 36 and during low water when the discharge 
was 6.4 x 104 m*/hr. The magnitude of export ob- 
tained in this way (766 gm /m?/vr) is similar in order 
of magnitude. 

A computation of the organie matter increase 
downstream as measured by the permanganate oxida- 
tion changes of about .13 mg/1 (Table 8) leads to 
an estimate of total organie matter export of 1280 
em /m? /yr. 


The 


aecount 
constituents 


was found by 


been 


community. 


smaller 


stream are 


estimates of particulate organic export 
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derived from chlorophyll is used in Table 15. These 
values are about equal to the slight excess of produc- 
tion over the respiration estimates. How the peculiar 
BOD results fit with this is unknown. Neither im- 
port nor export of the dissolved organic matter is 
clearly proved so that only the particulate organic 
matter is included in the balance sheet in Table 15. 


BALANCE SHEET 

In any community the influx of energy must be 
entirely accounted for in the passage through the 
community and in the outflow if an understanding of 
the community metabolism is to be obtained (Clarke 
1946). In a steady state community, this objective 
may in part be realized. By constructing a balance 
sheet, the various estimates of biomass or energy 
flux which have been estimated in previous sections 
must be mutually consistent within the crude limits 
of estimation. Table 15 is such an annual balance 
sheet. The gross production is obtained from the 
diffusion corrected upstream-downstream oxygen flows 
as represented in Figure 33. The bubble loss is 
negligible as discussed in the section on oxygen 
metabolism. The only definitely demonstrated al- 
lochthonous organic input is the 70 loaves of bread 
(365 gm each) fed to the fish each day. This im- 
port is neglected in Table 15. Respiration estimates 
are taken from an average of the bell jar measure- 
ments and the flowing respirometer measurement. The 
organic matter added to the water by the community 
and then exported is estimated in the previous section. 

Although an exact agreement between produc- 
tion and respiration-organie matter loss is not found, 
the difference of 4% can presumably serve as 
some estimate of the reliability of the orders of 
magnitude. The estimates of respiration and organic 
export are certainly rough approximations, whereas 
the production measurements may be more accurate. 


ENERGY FLow D1AGRam 

In Figure 7 the flow of energy through the com- 
munity in Silver Springs was shown according to 
trophic levels. The use of the diagram is applicable 
in general form to any system. It shows distinctly 
the workings of the first two laws of thermodynamics. 
According to the first law the total influx of energy 
equals the total flux out. According to the second 
law, especially as interpreted with the optimum 
efficiency maximum hypothesis (Odum «& 
Pinkerton 1955), wherever an energy transformation 
occurs most of the energy is dispersed into heat thai 
is unavailable for further use by the organisms 
in the community. 

Since the overall metabolism has 
estimated as summarized in the balance 
Table 15, it is now possible to make some rough 
estimates of the component flow rates. Where esti- 
mates are complete, the diagram may be used as a 
check since the parts must agree with the whole. 
Where estimates are incomplete the diagram may be 


power 


now been 
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TABLE 15. Mean Annual Balance Sheet of Organic 
Matter in Silver Springs for the Upper *% Mile Zone of 
18 Acres. 





| Dry Weight 
| (including 
ash) 
| gm/m2/yr. 
INCOME 
Primary 
Production. Calculated as the area under the annual 
curve of gross primary production in Figure | 
33, which is in turn based on daily oxygen 
curves, observed photosyithetic quotients, 
and ash corrections (Table 10) | 6390 
See section on fishes 120 


Bread fed fish 


Total Income 6510 
LOSSES 
Community 
Respiration. . Mean of short duration bell! jar experiments 
(underestimate; see text) and flowing res- 
pirometer measurement (overestimate). 
Beil jar respiration for less than 150 minutes} 
duration, .28 mg oxygen/gm/dry/hr; flowing 
respirometer metabolism, 1.3 mg oxygen/ 
gm dry/hr. 1.13 gm dry/gm oxygen used 
as a conversion factor where nitrogen is not 
oxidized to nitrate (see text section on 
nitrogen) 6000 
Downstream | 
Export of Organic 
Matter... 


Estimates from Table 8, 1.25 mg/m3chlo- 
rophyll exported (see organic matter sec- 
tion); ratio of dry weight to chlorophyll, 
.012 (see text of chlorophyll section). 6.4 x 
104 m3/hr. discharge; 7.6 x 104 m? area. 
See organic matter section for other esti- 
mates of similar order of magnitude. ) 


Tota! losses. . 


Discrepancy Between Income and Loss 


used to fill in the part from the total. The figure 
must be regarded as extremely tentative because of 
the many possible errors and incomplete data. 

As discussed in the animal growth rate section, 
there are several procedures required to work out 
the flow rates of production at the various trophie¢ 
levels. To obtain the respiration of a trophic level 
one determines the standing estimates the 
respiratory metabolism per gram, and multiplies te 
obtain the total respiratory metabolism in each trophic 
level. The net production of the trophic level fol- 
lows from the determination of the growth rates 
(output) directly using varied means depending on 
the organisms. As described in sections on animal 
growth rate above, this has been done in some eases 
and reported as turnover in Table 13. The best 
estimates from this table are used in the energy flow 
diagram in Figure 7. The input of energy into a 
trophic level is mainly the sum of the respiration 
and net production if one neglects egested unas- 
similated matter. The flow picture in Figure 7 shows 
the relationship of growth, utilization, assimilation, 
and heat loss for each trophie level. From these 
concepts one may also derive the several types of 
efficiencies (ratios x 100) useful in describing ecologi- 


crops, 
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cal systems. These are defined as follows using 
symbols from the flow diagram: 
P=production rate (rate of net organic synthesis in 
] 5 : 
the form of the species of the trophic level or in 
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storage products) 
A=rate of assimilation 
I=rate of ingestion (consumption) or energy intake 


R=rate of respiration 


E,,=utilization efficiencev= I,=—I,=1,=I;,; 


> 
P 


P, P, 


E,=assimilation efficieney= Ao= As 


I, 


I; 


E,=tissue growth efficieney= P»=P,=P,=P; 


As 


As A 4 A 5 


E,=ecological growth efficiency= Po2=(E;,) (E,) 


I, 


E,=Lindeman efficiencey=I,= (E,) (E,) 


(ratio of intakes I, 
of trophic levels) 


E,,=trophie level production= P.=(E,) (E,.)=(E,) (Ey) (Ey) 


ratios 


The data in Figure 7 permit the calculation of the 
ecological growth efficiencies (E,) and the trophic 
level production ratios (E,, synonomous with Linde- 
man’s usage of trophic level efficiencies only in the 


EK. 


Plant Net Production 
20,810 


Herbivores 
3,368 


Carnivores 
383 


Top Carnivores 


21 


Great confusion often results from misunderstanding 
as to which efficiency is meant. The energy flow dia- 
gram is a help in this clarification. In another 
communication some current uses of the term pro- 
duction as synonomous with assimilation are ques- 
tioned (Odum 1956b). 

The general principle from Lindeman (1942) 
and Dineen (1953) that trophic level efficiency (E, 
or E,,) increased along the food chain was not entire- 
ly confirmed for Silver Springs although the estimates 
of rates at the higher trophic levels are probably not 
accurate enough to test the relationship definitely. 


Ligut INTENSITY AND EFFICIENCY OF PRIMARY 
PRODUCTION 
The visible and usable light intensities reaching 
the community plants were estimated as reported in 


8,833 =42% 
1,478=44% 
67=17% 


6=29% 


first trophic level). The ecological growth efficiencies 
EK, and the trophic level production ratios are given as 


follows: 


E, E 
?20,810=5% 


410,000 


8,833 —=42% 
20,810 

1,478=14% 
10,395 


2,380=11% 
20,810 
67 =45% 


490 


383—16% 
2,380 


6=9% 21=6% 
67 383 

the environmental section. The gross primary pro- 
duction for different days during the year was sum- 
marized in Figure 33. The relationship of the pri- 
mary production and the light intensities are related 
in Figure 37. All estimates of light intensity received 
the tree correction previously discussed in the light 
section. The points in Figure 37 are in a rough line 
corresponding to 5% efficiency of photosynthesis. A 
similar graph was found for eleven other springs 
(Odum 1957). 

Apparently the production of the 
munity is proportional to the light intensity even 
at these relatively high light intensities. In econ- 
trast, physiological experiments on single plants 
show decreasing efficiencies at high light intensities. 
The community metabolizes below its overall com- 


whole com- 
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Fig. 37. 


the community. Each point is based on one of the detailed diurnal oxygen curves of Figures 23 to 31. 


Gross primary production as a funetion of light intensity which is absorbed by the plant beds of 


Ash 


free dry weights from Table 10 are converted into Calorie values on the basis of the percent protein esti- 


mates in Table 10. 


reaching the ground is ealeulated from Kennedy (1949) on the basis of cloud cover and season. 


5.8 Cal/gm protein and 4.0 Cal/gm carbohydrate conversions are used. Total insolation 


Half 


of this is taken as visible and usable light energy; 60% is assumed to reach the plant level of 1.8m and be 


absorbed. 
tween these values for other months. 


pensation point on cloudy winter days, but this does 
not mean that all of the individual plants do. The 
community compensation point includes not only 
plant respiration but downstream losses and con- 
sumer respiration. A possible explanation of the 
dumping of much of the production downstrea:n 
lies in a requirement that at steady state the single 
plants must not long be exposed to conditions below 
the individual’s compensation point. Perhaps there is 
generalization that temperate communities must pro- 
duce excess organic matter as soil or peat or down- 
stream loss which tropical communities need not do. 


TURNOVER, CLIMAX AND STEADY STATE 

With a gross primary production during a year 
of 6390 gms/m*? and with a standing crop biomass 
of all components of 819 gms/m? it is clear from 
the ratio that the community turnover is 8 times / 
year. As discussed elsewhere (Odum 1956b) the 
smaller the component organism, the more rapid the 
turnover. Thus the overall community turnover has 
meaning only in that it expresses the relationship 
of the size of the community and the total pro- 
ductivity. 

Where all of the components of a community turn 
over several times a year there would be ample 
opportunity for changes to oceur if there were no 
self regulative mechanisms. In Silver Springs there 


is apparently a fairly high degree of stability. 


A correction for tree shading is applied: 30% in December, 10% in July, and interpolation be- 


Shelford & Eddy (1929) presented evidence that 
the climax concept was applicable to streams. The 
Silver Springs community is strong evidence that 
where the hydrographic climate is constant the com- 
munity may develop a steady state. The possible 
relationship to the balanced aquarium idea is dis- 
cussed elsewhere (Odum & Johnson 1955). 

It is suggested that the stability of a system be 
measured by the number of times it turns over with- 
out change. Thus communities of small organism 
which persist for a year with a daily turnover may 
be considered as stable in this sense as a community 
of large organisms which lasts 300 yvears while 
turning over once per year. 

The summer pulse of primary production due to 
the greater influx of light mainly leads to an increase 
in reproduction in the consumers rather than to 
pulses, blooms, and changes in populations. The 
increases in rates at any one trophic level are accom- 
panied apparently by increases in utilization at other 
trophic levels so that the standing crops do not 
change markedly. 


Boat Basin BACKWATER—A NATURAL EXPERIMENT 

In the section on pseudoplankton the boat basin 
was described. The diurnal pattern of oxygen and 
carbon dioxide 1 meter below the surface of thi: 
still pool is shown in Figure 38. Also calculated 1s 
the rate of change curve. Since the water stratified 
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during the day (surface tem- 
perature 29.1° C; 1 meter temperature 27.9°), the 
vas transfer coefficient is likely to be minimal. Tak- 
ing a value typical of quiet water of about .1 gm, 
m?/hr at 0° saturation (Table in Odum 1956a), the 
amount of diffusion into and out of the water is caleu- 
lated (depth 1.3m) and found to be less than .03 
ppm m?/hr (maximum saturation deficit, 32%) and 
thus negligible relative to the photosynthesis. The 
the corrected oxygen-change curve cor- 
oxygen m? /day 
day 


thermally somewhat 


area under 
responds to an estimate of 6.5 gm 
primary production, This is about 26 KCal /m* 
organic production (x 4.0). The light energy ab- 
sorbed within the top meter is estimated to be 87% 
as shown by the light curve for the boat basin given 
in Figure 14. Starting with a light intensity reaching 
the ground on a cloudy day July from Kennedy 
(1949) and allowing 50% energy to be of usable 
wave length, the useful energy absorbed in the top 
meter is calculated to be 2400 KCal. Thus an effici- 
ency of about 1.1% is obtained. At the same time in 
the main flowing community of Silver Springs the 
efficiency is about 5%. In the boat basin at 1.1% 
efficiency the production from all the usable incident 
light (2740 KCal/m?/day) weuld be about 7.5 gm 
On a similar day in the main stream 
even though half of the light was absorbed before 
reaching the producers, the production was larger 
(12 em oxygen /m* /day) due to the greater efficiency. 


oxygen /m* day. 


EFFICIENCY AND CURRENT 

The production of Silver Springs is clearly large. 
It has been suggested elsewhere in a _ review of 
existing data (Odum 1956a) that flowing waters in 
general are usually more productive than marine, 
lake, or terrestrial situations. Ruttner (1953) and 
many others since have pointed to the action of cur- 
rent in media and removing wastes in 
micro-environments. Gessner (1937) experimentally 
showed increased production. It seems reasonable 
to consider the due to flowing water over 
aquatic plants provided by the current as an auxil- 
lary source aiding the productive process. 

If the hydrostatic drop in head in Silver Springs 
into frictional heat energy without 
aiuuaines of the water while passing over the 34 
mile study zone, the potential energy difference 
between the boil and the 34 mile station may be con- 
sidered the energy available to the community in 
driving the current. In Silver Springs at times of 
lowest stage a drop of .144 m per km oceurs from 
the boil (39.2 ft above sea level) to the Oklawaha 
river (34.6 ft) (U. S. Corp. of Engineers 1938). 
Such a drop over the headwater zone involves a 
dispersion of 5.2 x 10° KCal /m? /day potential energy 
for a flow of 6 x 104 m*/hr. This is about a tenth 
of the primary production of the 18 acre 
area (Fig. 37). 

From the previous section the 
the boat basin were considered as a 


renewing 


energy 


is transferred 


gross 


backwaters of 
case of produe- 
tion in still waters of the same nutrient supply. The 
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Fig. 38. Diurnal curves of oxygen 
in the boat basin on Silver Springs River (see Figure 2). 
The oxygen values are given in the upper graph. The 
rate of oxygen change in the upper curve is caleulated 
and plotted in the second graph. In the lower part of 
the figure is plotted the carbon-dioxide as calculated 
from the pH and the rate of change of carbon-dioxide. 











and ecarbon-dioxide 


primary production was estimated as 5 times less 
efficient than that in Silver etigegl headwater run 
at the same time. i large inerease 
in efficiency is obtained in 
expenditure necessary to increase circulation 
rate or whether the actual total volume of nutrients 
is the important difference. 


One wonders if 
pelle for a small 


energy ¢ 


SUMMARY 

County, Florida is a 
and biostatie ecological 
pulsing steady state 


Marion 
chemostatie, 
seasonally 


. Silver 
thermostatic, 
community in 


Springs, 


climax. 

. The annual primary production is 6,390 gms /m* 
or 57,100 lbs/acre of organic matter, including 
13% protein and 23% ash. 

. The efficiency of primary production relative to 
the incoming light in usable wave lengths reach- 
ing plant level is about 5.3% 

The efficiency of production in a still 
backwater without current is estimated as 1.1% 
diurnal oxygen curve. 
production of the whole 


water 


on the basis of a 


5. The rate of primary 
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community is linearly proportional to the light 
intensity under natural conditions. 


.The community experiences an annual turnover 


of 8 times. In view of an apparent stability of 
eross features of at least 100 years, the stream 
constitutes a climax. 


. Most of the produetion goes into respiration, but 


12% goes downstream as organic matter mainly 
in seston form. 


.A pulse of productive energy due to the greater 


influx of light passes through the community in 
the spring and summer and is expressed at the 
plant level as a higher percentage production as 
protein and at higher trophie levels by breeding 
or inerease in breeding activity. Productivity in 
the springtime is 2 to 3 times winter production. 
Measurements of community metabolism in Silver 
Springs and probably in other springs may be 
made readily by comparison of upstream and 
downstream measurements. 

In the main flow, in the retarded flow of plant 
beds, and in bell jars inorganie phosphorus an‘l 
nitrate nitrogen was found to be removed from 
the water day and night. 

A large midge and eaddisfly emergence occurs in 
the evening at all times of the year. Counts of 
pupae caught in funnels suggest that only a 
relatively small proportion of the midge popula- 
tion ever emerges. 


. Water lettuce and hyacinth growth in cages may 


be used as a simple direct bio-assay of potential 
primary production. Growths are maximum in 
spring and fall. 

Transplantation experiments with Sagittaria in- 
dicate that 1/3 of the primary production is due 
to the Sagittaria although 34 of the standing crop 
biomass is eelgrass. 

Bacteria constitute a relatively small part of the 
standing crop biomass, but next to the plants are 
the main consumers in terms of energy utilization. 
Chromogens are numerous in the algae but not 
in the mud. Plate counts, slide counts, and direct 
counts are reported. 

Efficiency concepts and flow rate estimates may be 
checked for consistency with the flow rate diagram. 
In Silver Springs the titration of carbon-dioxide 
and the measurement of pH are alternatively 
useful in determining the carbon-doxide fixation 
and release during community metabolism between 
the boil and the downstream station. 


7. The community metabolic quotient as measured 


and corrected for oxygen lossés varies markedly 
during the day, but on an average is about 1.38 in 
summer and .95 in winter. This agrees with the 
expectation for carbohydrate and for 39% protein 
where nitrate fixation is involved. 


Some of the main invertebrate components and 


fish species (Pomacea, Paleomonetes, Mollienesia, 
Gambusia, Lepomis punctatus) exhibit a strong 
photoperiodism in breeding cycles in this constant 
temperature environment. 
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The downstream increase in oxygen during’ the 
night may be used as a measure of the diffusion 
where an independent estimate of respiration is 
available. 

Respiration estimates of .22 gm/m?/hr were 
obtained from bell jar measurements of submerged 
communities. Lag effects, high variability and 
elimination of current reduce the reliability of 
these estimates. Higher respiration values were 
obtained in a flowing respirometer. 
Hydrographic microclimates within the plant beds 
experience considerable diurnal range in oxygen, 


nutrient concentration and carbon-dioxide. 


. Varied sampling methods were used to estimate 


the biomass of dominants. The community of 
organisms possesses a pyramid of dry biomass 
structure with C,/C, ratio 14%; C,/H ratio 
31%; H/P ratio 44%. This compares well with 
other attached communities (nonplanktonie) where 
such rough measurements have been made. 


. The aufwuchs community is dominated by the 


sessile generation of Craspedacusta (Microhydra) 
and hydra as carnivores, midges and caddisflies as 
herbivores, and mats of diatoms and blue green 
algae as producers. 

The individual boils differ in chemical properties. 
A change in oxygen associated with decreased flow 
was observed in the main boil in the 1955 drought. 


. Species lists, distributional maps, and a rough 


trophic classification is given for the community. 


. Patterns and variations of biologically active 


chemical properties, oxygen, earbon-dioxide, phos- 
phate phosphorus, and nitrate nitrogen have been 
studied over one minute intervals, upstream, down- 
stream, day, night, in micro environments, and 
in bell jars. Variation in methods was established 
with technique tests. 


. Diffusion of oxygen and carbon-dioxide was esti- 


mated with a dve turnover method and from 
balance estimations. Bubble losses were 
estimated in suspended funnels. 

potentials were unchanged 


upstream and downstream. 


sheet 


Study of the downstream oxygen and_ earbon- 
dioxide curves permits a study of the instan- 
taneous progress of total community _ photo- 


synthesis. Oxygen and carbon-dioxide curves are 
not synchronous. 

Biochemical] measurements 
gest a slight decrease in total organie matter in 
spite of the increase in particulate organic matter 
as the water flows downstream over the ecom- 
munity. 

The trace element and nutrient contents of Silver 
Springs water are more.reproducible than are 
most laboratory-synthesized media. 

Light penetration curves are given indicating a 
greater transparency than in most marine waters. 


oxygen demand sug- 


.The chlorophyll of the benthic community was 


determined as 2.95 gm/m*. This chlorophyll ts 
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concentrated about 1/3 of the distance from the 
eelgrass tips in a zone of somewhat lower light 
intensity than found at plant-tip level. 

. A thermistor temperature map is given for a sum- 
mer day, which portrays the rate of flow and 


heating. 
.Diurnal patterns and patterns over the 5 
spring run are given for versenate hardness, al 


mile 


kalinity, chloride, and nitrite. 

}. The catfish nose-dive behavior is postulated to 
produce a respiratory advantage. 

7. A diurnal increase of chlorophyll in the pseudo- 
plankton was observed with assays of millepore 
filtered samples winter and summer. 

3. The N/P ratio and utilization suggests that nitro 
gen is the more limiting. 

. Succession of aufwuchs organisms on individual 
blades occurs continually as the Sagittaria blades 
grow out from the bottom. In any one area blades 
and their biota are in various successional stages 
but the whole area is in steady state and a kind 
of stable succession distribution possibly analagous 
to a stable age distribution. 

.Silver Springs constitutes a regulated natural 
laboratory containing a community in which data 
are cumulative and studies may be repeated. 


LITERATURE CITED 

Allen, E. Ross. 1946. Fishes of Silver Springs, Florida. 
Privately printed. 36 pp. 

American Public Health Association. 
methods for the examination of water 
8th ed. 309 pp. 

1955. Standard methods for the examination 
of water and sewage. 10th ed. 522 pp. 

Anonymous. 1868, Letters from the Frontiers. 
delphia: Lippincott. 539 pp. 

Barney, R. L. & B. J. Anson. 1921. Seasonal abundance 
of the mosquito destroying top minnow Gambusia af- 
finis, especially as related to male frequency. Ecology 
2: 53-69. 

Bere, R. 1933. Numbers of bacteria in 
of Wisconsin as shown by the direct 
method. Int. Rev. Hydrobiol. 29: 248. 

Benson, H. K. & J. F. G. Hicks, Jr. 1931. Proposed 
modification of oxygen consumed method for deter- 
mination of sea water pollution. Indust. Engng. Chem. 
(Anal.) 3: 30-31, 

Berner, L. 1950. The 
Fla. Biol. Sei, 4: 1-267. 

Blum, J. L. 1954. 
stream phytoplankton. 

Bondi, H. 1952. Cosmology. 

Brinton, D. G. 1859. Notes on the Floridian peninsula, 
its literary history, Indian tribes, and antiquities. The 
Silver Spring, appendix I, pp. 101-104. John Salim, 
Phila, 202 pp. 

Caldwell, D. K., H. T. Odum, T. Hellier & F. Berry. 
1956. Some characteristics of centrarchid fish popu- 
lations in a constant temperature spring. Trans. 
Amer. Fish. Soc. In Press. 

Clarke, G. L. 1946. Dynamics of production in a marine 
area. Ecol. Monogr. 16: 321-335. 


Standard 


sewage. 


1936. 
and 


Phila- 


inland lakes 
microscopic 


mayflies of Florida. Univ. 
Evidence for a diurnal pulse in 
Science 119: 732-734. 


Cambridge. 179 pp. 


TROPHIC STRUCTURE AND PRODUCTIVITY OF 


SILVER SPRINGS 111 


1953. 


Rep. 


E. Brown. 
Florida. 


Cooper, H. H., W. E. Kenner & 
Ground water in central and northern 
Invest. Fla. Geol. Surv. 10: 1-37. 

Dineen, C. F. 1953. An ecological study of a Minnesota 
pond. Amer. Midl. Nat. 50: 349-376. 

Ferguson, G. E., C. W. Lingham, S. K. Love & R. O. 
Vernon. 1947. Springs of Florida. Bull. Fla. Geol. 
Sury. 3]: 1-197. 

Gessner, F. 1937. 
und Atmung submerser 
Bot. 85: 267-328. 

1949. Der chlorophyllgehalt in see und seine 
photosynthetische Valenz als geophysikaliseches problem. 
Schweizer. Zeit f. Hydrologie. Il: 378-410. 

Grice, G. D. & C. S. Yentsch. 1956. Light trans- 
pareney of Wakulla Springs. Papers Oceanogr. Inst. 
2: 1-5. 

Harper, Francis. 1942. Diary of a journey through the 
Carolinas, Georgia, and Florida 1765-66 by John 
Bartram; and Travels in Georgia and Florida 1773-74 
by William Bartram. Trans. Amer. Phil. Soe. 33: 1-242. 

Hart, J. S. 1952. 
siological and 
freshwater fish. 

Henrici, A. T. 1939. Problems of Lake 
Assoc. Advane. Sei. Sympos. 10: 39-64. 

Hildebrand, S. F. 1921. Top minnows in relation to 
malaria control with notes on their habits and dis- 
tribution. Publ. Hlth. Bull, Wash. 114: 1-34. 

Hubbs, C. L. & E. R. Allen. 1943. Fishes of Silver 
Springs, Fla. Proce. Fla. Acad. Sci. 6: 110-130. 

Hunter, W. S. & W. B. Vernberg. 1955. Studies on 
oxygen consumption in digenetie trematedes. II. 
Effects of two extremes in oxygen tension. Exper. 
Parasit. 4: 427-434. 

Hutchinson, G. E. & Anne Wollack. 
Connecticut lake sediments. IIT. 
of a core from Linsley Pond, North Branford. 
Jour. Sei, 238: 493-517. 

Hutchinson, G. E. 1953. 
ecology. Acad. of 

Jonasson, P. M. 1954. 
capturing emerging aquatic insects 
liminary results. Oikos 5: 179-188. 

Juday, C. 1940. The annual energy budget of an in- 
land lake. Ecology 21: 438-450. 

Kennedy, R. E. 1949. 


Untersuchungen uber Assimilation 
Wasserpflanzen. Jb. wiss. 


Geographic variations of some phy- 
morphological characters in certain 
Univ. Toronto Stud. Biol. 60: 79. 


3iology. Amer. 


1940. Studies on 
Chemical analyses 
Am. 


The concept of pattern in 
Nat. Sei., Phila. 105: 1-12. 
An improved funnel trap for 
with pre- 


Proe. 


some 


Computation of daily insolation 
energy. Amer. Met. Soe. Bull. 30: 208-213. 

Laessle, A. M. 1953. The use of root characteristics to 
separate various ribbon leaved species of Sagittaria 
from species of Valisneria. Turtox News 31(12): 2 
pp. 

Leconte, J. 1861. 
by the Silver Springs in 
Sei., 2nd Series 31: 1-12. 

Lindemann, R. L. 1942. The trophic-dynamie aspect of 
ecology. Ecology 23: 399-418. 

Manning, W. M. & R. E. Juday. 1941. The chlorophyll 
content and productivity of some lakes in northeastern 

Wis. Acad. Sei. Arts Lett. 33: 


On the optical phenomena presented 
Marion Co., Fla. Amer, J. 


Wisconsin. Trans. 
363-393. 

Marchand, L. J. 1942. <A contribution to a knowledge 
of the natural history of certain freshwater turtles. 
MS thesis, Univ. of Fla. 84 pp. 





112 


Minnaert, M. 1954. The nature of light and colour in 


the open air. Reprinted, Dover. 362 pp. 

Moore, E. N. 1939. 
dioxide and the three forms of alkalinity. J. 
Water Wks. Ass. 31: 51-66. 

Myers, J. 1949. The pattern of 
chlorella. Pp. 349-364 in J.Franck and W. E. Loomis, 
Photosynthesis in plants. Iowa State College Press. 
500 pp. 

Nielson, A. 1950. On the zoogeography of 
Hydrobiologia 2: 313-321. 

Odum, E. P. 1954. Ecological survey of the Savannah 
River area. Progress Rep., March 1953-54 to Atomic 
Energy Commission. Mimeo 42 pp. 


Odum, H. T. 1953 a. 


Graphic determination of carbon 
Amer. 


photosynthesis in 


springs. 


Dissolved phosphorus in Florida 


Fla. Rep. Invest. Fla. Geol. Surv. 9: 1-40. 


waters. 
Factors controlling marine invasion in 
Bull. Mar. Sci. Gulf Carib. 3: 


1953b. 


freshwaters. 


Florida 
134-156. 

1956a. Primary production in flowing waters. 

Limnology and Oceanography 1: 102-117. 

1956b. 

community structure. 

1957. Primary production measurements in 
eleven Florida springs and a marine turtle gross 
community. Limnology and Oceanography 2: in press. 

Odum, H. T. & D. K. Caldwell. 1955. 
in the natural oxygen gradient of an anaerobic spring 
in Florida. Copeia 1955: 104-106. 

Odum, H. T. & J. Johnson. 1955. 
the balanced aquarium controversy. 
128-130. 

Odum, H. T. & B. Parrish. 1954. Boron in Florida 
Waters. Quart. J. Fla. Acad. Sei. 17: 105-109, 

Odum, H. T. & E. P. Odum. 1953. 
cepts pertaining to energy in ecological systems. In 
E. P. Odum, Fundamentals of Ecology (Chap. 4). 
Philadelphia: Saunders. 384 pp. 

1955. Trophie structure and productivity of 
a windward coral reef community on Eniwetok Atoll. 
Ecol. Monogr. 25: 291-320. 

Odum, H. T. & R. C. Pinkerton. 1955. Times speed 
regulator, the optimum efficiency for maximum powcr 
output in physical and biological systems. Amer. 
Scient. 43: 331-343, 

Ohle, W. 1953. Die chemische und die electrochemische 
Bestimmung des molekular gelosten sauerstoffes der 

Mittel. Int. Assoc. theoret & app. 


size of organisms and 


592-597. 


Efficiencies, 
Ecology 37: 


Fish respiration 


Silver Springs and 
Sci. Counsel, 18: 


Principles and con- 


Binnenbewasser. 
Limnol. 3: 1-44. 

Penfound, W. T. 
aquatie plants. 
101. 

Phelps, E. B. 1944. Stream sanitation. 
John Wiley and Sons. 276 pp. 

Pomeroy, R. 1938. 
biochemical of oxygen demand. 
465-472. 

Prosser, C. L. 1950. Comparative Animal Physiology 
Philadelphia: W. B. Saunders Co. 888 pp. 


1956, Primary production in vascular 
Limnology and Oceanography 1: 92- 
New York: 


Influence of oxygen concentration on 
Sewage Wks. J. 10: 


Howarp T, Opum 


Ecological Monographs 
Vol. 27, No. i 


1945. Photosynthesis and related 
New York: 599 pp. 


Rabinowitch, E. I. 

processes. Vol. I. 
-——, 1951. Photosynthesis 
Vol. IIT (1): 603-1208. New York: Interscience. 

Richards, F. A. with T. G. Thompson. 1952. The esti- 
mation and characterization of plankton populations 
by pigment spectrophotometrie 
method for the estimation of plankton pigments. J. 
Mar. Res. Il: 156-172. 

Robinson, R. J. & Kemmerer. 1930. 
organic phosphorus in lake waters. 
Sci. Arts Letters. 25: 117-121. 

Ruttner, F. 1953. Fundamentals of Limnology. Trans- 
lated by D. G. Frey and F. E. J. Fry. Univ. of 
Toronto Press. 242 pp. 

Ryther, John. 1956. Primary production and its meas- 
urement. Limnology and Oceanography 1: 72-84. 

Sargent, Marston C. & T. S. Austin. 1949. Organie 
productivity of an atoll. Trans. Amer. Geophys. Union 
30: 245-249. 

Shelford, V. E. & S. Eddy. 
study of stream communities. 

Schmassman, V. H. 1951. 
Stoffhaushatt fliessender Gewasser. 
Hydrologie 13: 300-335. 

Sloan, W. C. 1956. The distribution of aquatic insects 
in two Florida springs. Ecology 37: 81-97. 

Streeter, H. W., C. T. Wright & R. W. Kehr. 1936, 
Measures of natural oxidation in polluted streams. III 
An experimental study of atmospheric reaereation 
under stream flow conditions. Sewage Wks. J. 8: 
282-316. 

Sverdrup, H. U., M. W. Johnson & R. H. Fleming. 
The Oceans. New York: Prentice Hall. 1060 pp. 

Tuxen, S. L. 1942. The hot springs of leeland. Zo- 
ology of Iceland, Vol. 1, part II. Copenhagen: Munks- 
gaard. 216 pp. 

U. S. Corps of Engineers. 
eanal, Fla. House Documents. 
Ist session. 625 pp. 

Verduin, J. 1951. 
aquatic communities. 

Whipple, G. C. 1899. The microscopy of drinking 
water. New York: John Wiley and Sons. 300 pp. 

Whitford, L. A. 1956. The communities of algae in the 
springs and spring streams of Florida. Ecology 37: 
433-442. 

Yount, J. L. 1956. 
bers in Silver 
Oceanography 1: 286-295. 

Zeuthen, E. 1953. Oxygen uptake and body size in 
organisms. Quart. Rev. Biol. 28: 1-12. 

Zobell, C. E. 1940. The effect of oxygen tension on 
the rate of oxidation of organic matter in the sea. J. 
Mar. Res. 3: 211-223. 

Zwicker, B. M. G. & R. J. Robinson. 1944. The 
photometric determination of nitrate in sea water with 

J. Mar. Res. 5: 214-232. 


Interscience. 


and related processes, 


analyses, ¢ ee 


Determination of 
Trans. Wis. Acad, 


1929. Methods for the 
Ecology 10: 382-391, 


Untersuchurgen uber den 
Schweizer. Zeit. f, 


1945, 


1938. Atlantie-gulf ship 
No. 194, 75th Congress, 


Photosynthesis in naturally reared 
Plant Physiology 26: 45-49. 


Factors that control species num- 
Springs, Florida. Limnology and 


a strychnidine reagent. 








